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ABSTRACT 
This study took the form of three nutritional trials each examining the effects of vitamin E 
on various physiological, haematological and immunological functions of the rainbow trout. 
The preliminary study investigated the effect of feeding three experimental diets with 
different levels of alpha-tocopherol supplementation (0, 100 and 800 mg kg"1 diet), on 
growth, health and various factors of the non-specific immune response. Liver 
alpha-tocopherol levels reflected the dietary intake of the vitamin. The fish fed the diet 
deficient in alpha-tocopherol showed reduced growth and increased mortality They had pale 
enlarged livers, their hepatosomatic indices and erythrocyte fragility was significantly higher 
than both the supplemented groups and haematocrit, total serum protein, globulin and 
complement activity were all significantly lower. No differences were observed between the 
tissues of the liver, spleen, kidney and heart of the three groups, however the gills structure 
of the fish fed the diet deficient in alpha-tocopherol showed marked deterioration. 
The aim of the second trial was to evaluate the effect of feeding different dietary levels of 
vitamin E (20, l 00, 500 mg kg"1 diet) in conjunction with different qualities of oil (fresh or 
oxidised). In addition to growth and haematological factors, various parameters of the non 
specific immune response were again evaluated to assess if the feeding of oxidised oil had 
any effect on these parameters and if the level of vitamin E in the diet had any modulating 
effect on any differences induced. Fish fed diets containing the lowest level of vitamin E and 
those fish fed the intermediate level but prepared with oxidised oil, showed classic vitamin 
E deficiency symptoms, similar to those seen in the preliminary trial and reduced growth and 
increased mortalities compared to the other groups. Levels of complement activity, were 
compromised both by low levels of vitamin E and oxidised oil. This suggested that oxidation 
of the oil content of fish diets increased the requirement for vitamin E and that a high level 
of vitamin E supplementation was able to compensate to some extent for the deleterious 
effects induced by the rancid oil. 
The third trial investigated the effects of different dietary levels of vitamin E (50, 150 and 
750 mg kg-1 diet) and immunisation, on antibody responses and mortalities following 
challenge with Yersinia mckeri. In addition the effects of diet and immunisation on serum 
complement activity and levels were measured using three different assay techniques, two 
based on standard assays and a novel assay, especially developed for this trial, based on an 
enzyme linked immunosorbent assay (ELISA) technique. This trial, however, did not present 
any significant results and no correlation between, the level vitamin E supplementation in the 
diet and antibody response, resistance to Y. ruckeri infection in rainbow trout, could be 
established. 
The studies showed that rainbow trout fed diets deficient in vitamin E were immunologically 
compromised and showed reduced growth and increased mortalities. There appeared to be 
a definite trend for enhancement of some immunological functions correlated with increased 
dietary supplementation with vitamin E but this was not always statistically significant and 
the benefits of dietary supplementation of vitamin E at levels above those currently 
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Whoever pays no attention to these things, or paying allention, does not comprehend them, 
how can he understand the diseases which befall man? Wherefore, it appears to me necessary 
for every physician to be skilled in nature and to strive to know what man is in relation to the 
articles of food and drink and what are the effects of each of them to every one 
Hippocrates 
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Chapter 1 
General Introduction 
30 
Scientific interest in 'irnmunonutrition', or nutritional immunology, has grown rapidly in 
recent years and some of the close relationships between nutrition and disease resistance in 
mammals are now well established. Initially most research concentrated on the effects of 
protein energy malnutrition on immunity, but the discovery of vitamins early in this century, 
the introduction of improved assay techniques for trace elements such as vitamins and 
minerals and increasing knowledge in the field of immunology lead to a large increase in 
research into the effects of specific nutrients on the immune system. This work has shown 
that nutritional deficiencies and excesses can have profound effects on immunity and disease 
resistance as reviewed by Gershwin et al. ( 1985), Panush and Delafuente (1985) and Biesel 
(1992). 
Less work has been published on these effects in fish but with the worldwide expansion in 
aquaculture there has been considerable interest in the interactions between nutrition and 
disease resistance and particularly the effects of specific nutrients on immune function (Lall 
and Olivier, 1989). Disease causes heavy economic losses in fish culture through, 
mortalities, morbidity, poor product quality and the costs associated with prevention and 
chemotherapy. Many potential fish pathogens are ubiquitous inhabitants of the fishes' 
environment and major disease outbreaks occur when the balance between fish, etiological 
agent and environment is upset (Sniesko, 1975). Environmental stresses such as poor water 
quality, crowding, handling and pollutants are all factors predisposing to disease in fish 
(Ell is and Manning, 1989). Therapeutic means such as the use of antibiotics exist and are 
efficient, but their use in fish can cause problems in the environment and on the pathogen 
per se. Vaccines are effective against some but not all diseases and metazoan parasitic 
infoctioru; "main p,rt;ou!,dy <lillkolt to treat A pmphyl"ti' tn,atmont wlrioh ooold "dooe ~ 
the severity of disease and reduce mortalities by improving the immune status of fish would 1 
be of great value. 
Immunostimulants have the ability to increase resistance to disease by enhancing non-
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specific defence mechanisms. In fish, several immunostimulants such as Freund's complete 
adjuvant (Olivier et a/, 1985), FK-565 (heptanoyl-y-D-glutamyi-(L)-mesodiaminopimelyl-
(D)-alanine) (Kitao and Yoshida, 1986), levamisole (Siwicki, 1989; Kajita et al., 1990), 
lactoferrin (Sakai, et a. I, 1993, 1995) and P-I ,3-glucans (Jeney and Anderson, 1993b; 
Anderson and Siwicki, 1994) have all been reported. These may have a role in aquaculture 
but their use is aimed primarily at short term stimulation of the immune response before fish 
are exposed to stressful situations or are released into environments where they are likely 
to encounter pathogens. The mode of administration may also be labour intensive as most 
are administered by injection or bath immersion which may have to be repeated. A dietary 
immunostimulant would therefore be easier to administer and the enhancement would 
simply be maintained with continued feeding. 
Studies have shown that deficiencies of specific nutrients can decrease immune functions, 
increase susceptibility to infectious diseases and influence the chance of surviving infections 
and physical stress (Blazer and Wolke, 1984; Hardie et al., 1990; Furones et al., 1992) 
Marginal or suboptimal nutritional conditions are more likely to occur in fish farming. Most 
recommendations for nutritional supplementation of micronutrients such as vitamins and 
minerals are based on the prevention of deficiency symptoms and good feed conversion 
efficiency rather than optimal performance of the fishes' immune system and therefore, 
there is the potential for dietary enhancement of disease resistance in fish. 
In the last decade the use of vitamins as immunostimulants in aquaculture has been the 
subject of considerable research (reviewed by Castell and Olivier, 1988; Lall, 1988; Landolt, 
1989; Lall and Olivier, 1991; Blazer, 1992; Waagbo, 1994) the majority of these studies 
investigating the antioxidant vitamins C and E. More recently the effect of Vitamin A 
(Thompson et al., 1994,1995) and Vitamin B6 (Waagbo et al., 1992; Albrektsen and 
Sandnes, 1995) on the immune response in Atlantic salmon has also been investigated. 
These studies have shown that vitamin deficiency is frequently immunosuppressive, but 
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evidence that disease resistance can be significantly enhanced by feeding optimised vitamin 
levels is often less clear. Although the evidence is contradictory, on balance vitamin C and 
vitamin E seem to show the most potential as immunostimulants whilst the 
immunoenhancing effects of vitamin A and vitamin B6 appear to be limited. 
Numerous studies have been undertaken with laboratory and domestic animals, as reviewed 
in chapter two, which indicate that vitamin E can act as immunopotentiator when fed at 
levels above the currently recommended daily requirement, and as well as increasing 
evidence that the vitamin enhances the immune response and has an important role in 
immunity to infectious diseases, it may also play a part in the prevention of cancer, 
cardiovascular disease and cataracts and some of the effects of ageing ( Tengerdy, 1980; 
Newberne and Suphakarn, 1984; Morrissey, 1994; Machlin, 1991). 
Fish seem to possess many cellular and humoral immunological components and defence 
mechanisms in common with higher vertebrates (Eilis, 1988), one essential difference 
however being that immune functions are dependent on temperature. Vitamin E is the 
primary lipid soluble antioxidant of cells and protects unsaturated fatty acids from oxidation 
(Lucy, 1974). Fish tend to have a high percentage of long chained, highly unsaturated fatty 
acids incorporated into cell membranes to maintain membrane fluidity at low body 
temperatures. It is possible therefore that vitamin E at levels of supplementation above 
those currently recommended by the National Research Council (NRC, 1993) may have 
a similar immunoenhancing effect in fish. 
The aim of this work was to test this hypothesis by investigating the significance of dietary 
vitamin E at deficient, normal and enhanced levels on the immune system and disease 
resistance in rainbow trout. As the literature on vitamins is disparate and there is only a 
limited amount of information on fish the initial objective was to review the literature on 
mammals and birds. The investigation involved three major nutritional trials. These looked 
at the effects ofthe vitamin on the non-specific immune response, the effects of the vitamin 
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on the non-specific immune response in conjunction with the feeding of oxidised oil and the 
effects of the vitamin on the specific immune response and resistance to the enteric 
redmouth disease (ERM) pathogen, Yersinia ruckeri. 
The aim of the first nutrition trial was to see if vitamin E deficiency would induce 
suppression of the immune response and if supplementation with a high level of vitamin E 
would enhance the immune response and how these changes might develop with time. A 
unique combination of assays of non-specific immune functions were undertaken, some 
specifically developed for this study. The second trial was undertaken in order to determine 
if dietary supplementation with vitamin E would compensate for any deleterious effects on 
the immune system induced by the inclusion of oxidised oil in the diets. The objective of 
the third trial was to investigate the effects of vitamin E on the specific immune response 
and disease resistance and to ascertain whether any immunoenhancing effects of vitamin 
E which might be indicated by in vitro assays were reflected in vivo. 
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Chapter 2 
A review of the current literature on 
vitamin E and its effects on the immune 
response and disease resistance in 
mammals and birds 
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2.1. Vitamin E 
2.1.1 History 
In the early 1920's Herbert Evans and Katherine Bishop (1922) demonstrated that deficiency 
of a particular, unidentified fat-soluble factor resulted in fetal death and resorption in the 
pregnant female rat and that the effect could be prevented by the addition of wheat germ oil 
to the diet. In 1924 Barnett Sure identified the factor as a new vitamin and suggested the 
designation 'Vitamin E', following the previously recognised Vitamin D. Later work by 
Evans and others ( 1936) led to the isolation of a fat-soluble factor from wheat germ oils and 
confirmation that it had all the biological properties ascribed to Vitamin E. Because the 
compound had important functions in reproduction it was given the name tocopherol from 
the Greek tokos meaning childbirth and the verb pherein, to bring forth. The of was added 
to indicate the alcohol nature of the material. 
2.1.2 Definition and chemistry 
Since the discovery and isolation of alpha-tocopherol by Evans and others a whole family 
of compounds with biological Vitamin E activity have been identified, they are known 
collectively as tocols. Eight naturally occurring compounds have been isolated from plant 
sources. Each of them consists of a 16-carbon chain joined to a 2, methyl, 6-chromanol 
aromatic ring at C-2. There are two distinct groups of compounds, the tocopherols which 
have a completely saturated phytol side chain and the tocotrienols, in which there are 
unsaturated double bonds at the 3', 7' and 11' positions of the phytol chain. The ring may 
be methylated at one or more of three positions, C-5, C-7 and C-8, which in theory could 
result in seven different compounds in each family, but so far only four of each type have 
been found in nature, they are designated alpha, beta, gamma and delta. The presence and 
position of methyl groups on the chromanol ring determines the degree of biological activity 
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oftocopherols and trienols. The greater the number of methyl groups on the chromanol ring 
the more efficient the molecule is as an antioxidant; alpha-tocopherol having three is 
therefore the most active form .. Various methods have been used to assess the biological 
efficiency of the different "tocol" derivatives, the most commonly accepted being the rat 
foetal resorption assay (Leth and Sondergaard, 1977). Using this method the ascribed 
relative biopotencies of alpha, beta, gamma and delta tocopherols have been determined as 
I 00, 56, 16 and 0.5% respectively. The tocotrienols have similar relative degrees of 
effectiveness, but overall the activities of this group is only 16% that oftocopherols (Rice 
and Kennedy, 1986). The chemical structure of the tocopherols is shown in Figure 2.1. 
The natural occurring isomer of alpha-tocopherol is (2'R, 4'R, 8'R) or RRR a-tocopherol 
formerly known as d-a-tocopherol. Totally synthetic alpha-tocopherol, which consists of 
a mixture of 8 isomers, was formerly known as d)-a-tocopherol and should now be 
designated all rac a-tocopherol. The two principal sources of vitamin E in commercial use 
are RRR a-tocopherol and all rac a-tocopherol which are usually marketed as the more 
stable acetate esters (Machlin, 1991 ). The currently accepted biopotency for RRR a-
tocopherol and all rac a-tocopherol are 1.0 IU mg·' and 1.36 IU mg·' respectively (Baker 
et al., 1985). 
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RI 
Tocol Structure 
Trienol Structure 
Compound Rt Rz RJ 
a-tocopherol a-tocotrienol Me Me Me 
P-tocopherol P-tocotrienol Me H Me 
y -tocopherol y -tocotrienol H Me Me 
a-tocopherol o-tocotrienol H H Me 
Figure 2.1 
The Chemical Structure of the Tocopherol Series 
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2.1.3 Functions 
Vitamin E is now regarded as natures most effective lipid soluble 'scavenger' of free 
radicals, preventing oxidant injury to cells and protecting membrane unsaturated fatty acids 
from free radical attack (Morrissey, 1994). It is thought to interact with a number of small 
molecules, such as reduced glutathione and ascorbic acid, as well as with several enzymes 
such as glutathione peroxidase, superoxide dismutase and catalase, to defend the cells 
against the damaging effects of oxygen radicals (Mach! in, 1991 ). Most of the alpha-
tocopherol in animal tissues is located in the sub-cellular and cellular membranes (Taylor 
et al. , 1976). The reason for this is not only is alpha-tocopherol lipophilic but the particular 
structure of the molecule confers on it the ability to form an integral part of these 
membranes. Molenar et al. ( 1980) proposed that the chromanol head group of tocopherols 
is located at the polar surface of the membranes near the phosphate region of the 
phospholipids and that the hydrophobic phytol tail lies buried within the hydrocarbon region 
(Figure 2 .2.). 
\I 
Phospholipids Tocopherol 
Figure 2.2 
A diagrammatic representation of the position of alpha tocopherol in the cell 
membranes (after Molenaar et al., 1980). 
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It has been suggested by Lucy (1974) and Diplock and Lucy (1973) that the shape of the 
chromanol ring of the molecule enables it to fit physically into the cell membranes, whilst 
the phytol side chain is at the same time able to form a stable complex with the membrane 
phospholipids containing arachidonyl residues, in which the methyl groups at C4' and CS' 
of tocopherol fit into pockets created by the cis double bonds of the fatty acids. Thus the 
molecule performs it's functions; the chromanol ring of the alpha-tocopherol is able to 
donate a phenolic hydrogen to initial lipid free radicals formed during lipid peroxidation and 
thus act as a free radical scavenger and chain-breaking antioxidant, the molecule confers 
stability to the membranes reducing permeability and also protects the membrane 
phospholipids against oxidation and degradation by membrane bound phospholipases. 
In addition to its role as an antioxidant, vitamin E also plays an important part in the 
metabolism of arachidonic acid, the precursor of a number of compounds including 
thromboxane, Ieukotrienes, prostaglandins and prostacyclin. There has also been a 
suggested link between vitamin E and DNA synthesis. Increased rates of synthesis were 
observed in the bone marrow of vitamin E deficient monkeys, but this may reflect increased 
erythropoeisis in response to decreased erythrocyte survival time as a result of vitamin E 
deficiency (Catignani, 1980). 
2.1.4 .Interactions with vitamin C and selenium. 
Vitamins E and C appear to have a synergistic effect and the antioxidant effect of vitamin 
E is enhanced by the simultaneous administration of vitamin C. It is thought that in the 
presence of adequate vitamin C there is a recycling of vitamin E which has combined with 
free radicals (Lynch, 1994). Ascorbate reduces the tocopherol radical with the concurrent 
formation of an ascorbate radical. The ascorbate radical can then be enzymically reduced 
back to ascorbate by an NADPH-dependent system. This is thought to take place at the 
interface of the aqueous and lipid phases of the cell, where the ascorbate in the cytosol can 
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interact with the tocopherol in the membrane (Machlin, 1991). 
Selenium is a component of the enzyme glutathione peroxidase (GSH-Px). Hoeskstra 
( 1975) proposed a theory linking vitamin E and GSH-Px, in the prevention of lipid 
peroxidation in cell membranes. GSH-Px is present in most active cells as a component of 
a cyclical system which removes peroxides. In particular it catalyses the conversion of 
hydroperoxides of a variety of compounds, such as fatty acids, to the corresponding 
alcohols. Lipid hydroperoxides can be particularly destructive and the activity of GSH-Px 
is important in protecting cellular and subcellular membranes from oxidative damage. 
Vitamin E and GSH-Px have complementary roles in the prevention of this damage 
(Hoeskstra, 1975). Molecules of alpha-tocopherol fitted into the subcellular membranes, 
attract unsaturated fatty acid molecules and form loose chemical complexes with them until 
they are metabolised during cell respiration. At the same time selenium-containing GSH-Px 
removes all the active peroxides entering or produced within the cell. Thus if either of the 
components are in short supply then tissue damage can result and one is not able to fully 
compensate for the other. 
2.2 Effects of vitamin E on the immune response in mammals 
and birds. 
The mechanisms of some of the activities of vitamin Eat a biochemical level are relatively 
well understood. However, its effects at the cellular level are less clear. Most early studies 
investigated the gross effects of deficiency of the vitamin in animals and endeavoured to 
establish its requirement level. Later investigations into the relationship between the 
vitamin and the cells of the immune system tended to rely on the measurement of empirical 
effects without examining the underlying mechanisms involved. More recent studies with 
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domestic animals have been led by commercial rather than scientific considerations and has 
concentrated on the ability of the vitamin to enhance disease resistance and increase 
production without very much emphasis on how these effects are achieved. Thus the review 
of the literature in this area of research reads rather like a catalogue of experiments, with 
results shown as gross effects. Some suggestions as to the mechanisms of action of vitamin 
E have been made but there are many contradictions, many questions unanswered and much 
research remains to be done before the way in which the vitamin accomplishes its effects 
can be fully clarified. 
As an important component of cell membranes, vitamin E has the potential to affect the 
functional biology of the cells of the immune system. The regulation of the immune system 
is very complex and involves membrane-mediated interactions between cells and humoral 
factors. The immune system may be divided into two interactive divisions - the innate 
immune system and the adaptive immune system (Roit et al., 1989). Innate immunity acts 
as the first line of defence against invading organisms, if this system is breached the 
adaptive system is activated and produces a specific response to the infectious agent and 
in addition has a specific immunological memory of the infectious agent and can prevent 
it causing disease again (Table. 2.1 ). 
Humoral 
factors 
Cells 
Memory 
Table 2.1. 
Innate immune system 
lysozyme, complement, acute 
phase proteins. 
Phagocytes, natural killer cells 
resistance not improved by 
repeated infection 
Adaptive immune system 
Antibodies 
T lymphocytes 
resistance improved by repeated 
infection 
The major elements of the innate and adaptive immune systems 
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The recommendations for dietary levels of Vitamin E are usually at a level which prevents 
nutritional deficiency symptoms and it may be assumed that deficiency of vitamin E will 
result in an impairment of immune responses and disease resistance. Most work has 
investigated the effects of vitamin E supplementation, in excess of requirement, on adaptive 
immune responses and disease resistance. 
2.2.1 Effects on antibody responses 
In a study by Tengerdy et al. (1972) chicks fed on a diet supplemented with vitamin E 
(60mg per pound of feed) produced significantly more plaque-forming cells than the chicks 
on the control diet when immunised with sheep red blood cells (SRBC). The greatest 
enhancement was found in hypoxic chicks raised at natural or simulated high altitudes. 
Tengerdy ( 1980) suggested that this might reflect the antioxidant properties of vitamin E in 
that it was able to act synergistically with hypoxia in creating favourable reducing 
conditions stimulating immunopoietic cellular development and proliferation of antibody 
producing cells. 
Similar studies were then carried out using mice to determine if vitamin E could stimulate 
the immune response in another species (Tengerdy et al., 1973). Two antigens were used 
the particulate antigen SRBC and the soluble tetanus toxoid. It was suggested that the 
tetanus toxoid would be a completely foreign antigen to the mice and therefore stimulate 
a true primary IgM antibody response whereas the mouse might have previously been 
exposed to SRBC type antigens and so a mixed IgM and IgG antibody response would 
occur. In the frrst experiment mice were fed a normal diet with or without supplementation 
(60 IU vitamin E kg·' diet), immunised with SRBC and 4 days later they were bled and 
killed, the spleens were removed weighed and the number ofPFC determined. The IgM and 
IgG haemagglutinin titres (HA) for the serum was also determined. Vitamin E significantly 
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increased, spleen weight, increased PFC by about 40% compared to controls and there was 
a corresponding increase in HA titres. This probably represents an increase in the number 
of antibody secreting cells produced rather than an increase in the number of antibodies 
secreted by a single antibody secreting cell because of the corresponding increase in spleen 
weight seen in the supplemented group. In a second experiment to determine if response 
was specific to vitamin E or could be replaced by the synthetic antioxidant N N-diphenyl-p-
phenyldiamine (DPPD) mice were fed diets deficient in vitamin E or supplemented with 
either 2,035mg vitamin E kg·' or 222mg DPPD kg·' diet. They were again immunised with 
SRBC. The deficient mice had a significant reduction in PFC compared to the controls and 
no IgG response. Supplementation with vitamin E significantly increased PFC and HA 
titres compared to controls: DPPD enhanced PFC but not IgG HA titres, which indicates 
that DPPD was not able to replace vitamin E in stimulating IgG antibody production. In a 
third experiment to determine if vitamin E and/or DPPD stimulated both the primary and 
the secondary antibody response, mice were fed a normal diet supplemented with 120 IU 
vitamin E kg·' diet and/or 240mg DPPD kg diet before being immunised with tetanus 
toxoid. DPPD increased PFC compared to controls but not to the same extent as vitamin 
E and there was no additive effect when both were fed together. Vitamin E also enhanced 
HA titres to a greater extent than DPPD and it was concluded that vitamin E stimulated both 
IgM and IgG antibody production, stimulating an early shift from IgM to IgG production 
and had its greatest effect on the primary antibody response. 
These results were corroborated in later in vitro experiments (Campbell et al., 1974). Mouse 
spleen cells were cultured in single cell suspensions with SRBC in the presence of well 
emulsified dl-a-tocopherol acetate, and the PFC response measured 5 days later. Incubation 
with vitamin E produced a 4 fold increase in PFC count over controls. Similar enhancement 
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was found with 2-mercaptoethanol and to a lesser extent with DPPD and butylated 
hydroxytolulene (BHT) another synthetic antioxidant. Further work by Campbell et al. 
(1974) shed some light on the possible mechanism of vitamin E enhancement. Mouse 
spleen cells were separated into adherent (macrophage like) cells and non-adherent 
(lymphocyte like) cells, the non-adherent cells were able to produce antibodies when 
stimulated with vitamin E, whereas normally the cooperation ofmacrophages is necessary 
to stimulate antibody production by lymphocytes. The result might indicate that vitamin E 
or 2-mercaptoethanol was able to stimulate the antibody producing cells either by bypassing 
the action of macrophages, or that a it was able to stimulate the few adherent cells which 
were left in the culture, enabling them to work more efficiently. Studies by Gebremichael 
et al. (1984) suggested that dietary vitamin E enhances the in vitro antibody response in 
mice primarily through a modulating effect on macrophage accessory cell function. 
Adherent spleen cells from vitamin E supplemented mice (500mg kg· 1 diet) were able to 
stimulate PFC formation in response to SRBC and dinitrophenyl-L-lysine-Ficol (DNF-Ficol) 
in non-adherent cells from both vitamin E supplemented and unsupplemented mice. Both 
these antigens require accessory cells to activate B cells, whereas the PFC response to the 
antigen trinitrophenylated-lipopolysaccharide (TNP-LPS) which does not require accessory 
cell assistance to stimulate B cells, was not increased by vitamin E supplementation. 
Further investigations (Gebremichael et al., 1984) indicated that vitamin E affected the 
ability of the macrophages to present antigen and initiate lymphokine production and in 
addition, in vitamin E deprived mice, the macrophages were acting as suppressor cells. 
Experiments by Tanaka et al. (1979) indicated an increased T helper cell function for 
vitamin E, via an enhanced carrier effect. In mice fed diets supplemented with 0, 20, or 200 
mg kg·1 vitamin E and immunised with hamster red blood cells (HRBC) enhanced antibody 
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production to HRBC was dose dependent. Mice receiving initial immunisation with HRBC 
followed by secondary immunisation with the carrier hapten antigen, trinitrophenylated 
HRBC (TNP-HRBC) also showed dose dependent 2,4,6,trinitrophenyl (TNP) antibody 
production. TNP antibody production in mice which did not undergo priming with HRBC, 
was not correlated with the level of vitamin E supplementation in the diet. In another 
experiment donor carrier primed spleen cells were produced in mice fed different levels of 
vitamin E and immunised with HRBC and donor hapten primed spleen cells in mice fed a 
normal diet and immunised with TNP-BSA. Spleen cells were transferred from donor mice 
primed with HRBC (heterologous carrier-primed) together with those primed with TNP-
BSA (hapten primed) into 600 rad irradiated mice. Recipients were immunised with TNP-
HRBC (hapten-heterologous carrier conjugate) simultaneously with the cell transfer. Mice 
who did not receive the cell transfer with the TNP-HRBC immunisation did not produce any 
appreciable antibodies to TNP; this also occurred when normal spleen cells, not previously 
primed with HRBC, were used in place of HRBC primed spleen cells. In contrast in mice 
which received both types of primed spleen cells there was appreciable TNP antibody 
production by day 7. In addition the mice who received spleen cells from donors fed diets 
supplemented with vitamin E had significantly higher antibody titres than those who 
received spleen cells from donors fed a vitamin E deficient diet. These results indicate that 
the vitamin E could increase co-operation between T and B cells in an antibody response 
to a hapten-carrier conjugate under circumstances where memory cells responding to the 
carrier had already developed. The anti-carrier helper T cells stimulate the development of 
anti-hapten B cells and thus in this experiment the immunoenhancement resulting from 
dietary vitamin E supplementation is probably due to its effect in stimulating helper T cells. 
Frische et al. ( 1992) carried out experiments to evaluate the effects of diets produced with 
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either corn oil or fish oil and supplemented with vitamin Eat levels of either 30, 300 or 900 
mg kg· 1 on antibody response to SRBC in rats. Rats fed the fish oil diets had a significantly 
higher antibody titre when fed the 900mg kg·1 vitamin E diet but the level of vitamin E 
supplementation was not correlated with increased antibody production in the rats fed the 
corn oil diets. This appears to contradict in part with the results reported by Tengerdy et 
al. (1973) for mice but is probably related to the difference in species and the level (5% vs. 
20% corn oil) and type of fats in the different diets. 
Guinea pigs fed diets containing vitamin E supplementation at 0, 160 and 300 IU dl-a-
tocopherol kg" 1 ration, and subsequently immunised with attenuated Venezuelan equine 
encephalomyelitis virus, showed no antibody response to the virus at 2, 3 and 5 weeks after 
vaccination (Barber et al., 1977). When the dl-a-tocopherol was injected intramuscularly 
into guinea pigs instead of being incorporated in the diet, an increase in antibody response 
compared to controls was seen, and it was conjectured that in guinea pigs the dl-a-
tocopherol acetate ester was not being cleaved so that absorption of the vitamin was 
impaired. 
Supplementation of domestic animals with vitamin E has potentiated their antibody 
responses to a variety of organisms. The magnitude of the responses varied considerably 
both within and between species. 
The HA response of weanling pigs to SRBC was not affected by dietary vitamin E 
supplementation (11, 110, 220 or 550IU kg· 1 diet) in experiments carried out by Bonnette 
et al., (1990), whereas in work by Peplowski et al., (1981) supplemental vitamin E (220IU 
kg" 1 diet) did enhance HA titres to SRBC. These differences were probably due to 
differences in the levels of supplementation and also the vitamin E nutrition of the dams. 
In the trial by Peplowski et al.( 1981) the dams were deprived of vitamin E for several 
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generations whereas in the trial by Bonnette et al. (1990) they were fed a diet with adequate 
vitamin E. This was reflected in higher initial serum vitamin E levels in Bonnettes et al.'s 
pigs. Babinszky et al. {1991) reported increased antibody titres to ovalbumin in the piglets 
· born to sows fed diets supplemented with vitamin E ( 136mg kg.1) compared to piglets from 
unsupplemented sows but no differences in the piglets antibody response to tetanus toxoid 
as a result of their mothers' diet. Ellis and Vohries {1976) found that pigs fed diets 
supplemented with vitamin E (I OO,OOOIU ton 1 food), developed secondary antibody 
responses to Escherichia coli bacterin two to three fold higher than controls and pigs fed 
diets supplemented with vitamin Eat 20,000 IU ton· 1 developed secondary antibody titres 
intermediate between the two. Primary antibody response was not affected by vitamin E 
supplementation. 
In sheep dietary vitamin E supplementation also appears to have an effect on antibody 
response, supplementation with 300mg vitamin E kg·1 diet increased IgG production in 
response to Clostridium perfringens toxoid (Tengerdy et al., 1983). Primary antibody 
response to keyhole limpet haemocyanin (KLH) in lambs was increased in response to the 
highest level of dietary vitamin E supplementation ( 476mg kg· 1 diet) in work by Rittacco 
et a/.(1986). In a second experiment however, when the vitamin was administered to 
another group of lambs in capsules (total dose 3000mg over 7 days), no significant 
difference in primary or secondary antibody titres to KLH was observed but there was a 
significantly higher secondary antibody response to another antigen Brucella ovis bacterin. 
It was suggested that the difference in response to KHL seen in these two experiments may 
have been due to the difference in levels of total vitamin E supplementation and that bolus 
administration of vitamin E prior to immunisation may be sufficient for some antigens but 
not others. 
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Specific antibody response to KLH was unaffected by the level of vitamin E (0, 900, 1800, 
or 2700IU/animal) injected intramuscularly into calves at 3 weekly intervals but overall 
there was a trend for increased total serum lgG l and IgG2 levels with increased vitamin E 
levels and IgM levels were significantly higher in calves at the highest level of 
supplementation compared to controls (Hidiroglou et al., 1992). Nemec et al. ( 1990) 
reported no differences in specific antibody response to Brucellosis abortus vaccine, or 
levels of naturally occurring immunoglobulins (IgG) to several antigens, in cattle fed diets 
supplemented with vitamin E (1400IU/ animal/day-1). In contrast Reddy et al. (1986) 
reported that in calves, supplementation with vitamin E (125,250 or 500IU/animal/day'1), 
slightly increased primary antibody titres and enhanced secondary antibody titres following 
immunisation with bovine herpesvirus type 1 vaccine. In vitro studies by Stabel et al. 
( 1992) showed that the addition of 55ng vitamin E ml· 1 to culture medium containing 
peripheral blood mononuclear cells (PBMC) from vitamin E deficient steers, reversed the 
effects of dietary vitamin E deficiency, and enhanced poke weed mitogen (PWM) stimulated 
IgM production, to a level higher than that seen for PMW stimulated PBMC from steers 
supplemented with vitamin E (1000 IU day-1). A nonlinear response was reported, 
supplementation with 55ng or 110 ng vitamin E ml'1 culture medium enhanced I gM 
production in PWM stimulated PBMC cultures, whereas supplementation with 220ng ml· 1 
produced a level of IgM production similar to controls. Dietary supplementation with 
vitamin E had no effect on in vitro IL-l production by PBMC at 24 hours but at 48 hours 
the level of production was maintained in the PBMC from the supplemented steers but 
declined in the PBMC from the control steers; however Con A-stimulated cells from steers 
fed vitamin E supplemented diets expressed 55% higher IL-l mRNA than cells from control 
steers. 
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The effects of supplementation on antibody production seem to be dependant on many 
factors. It appears that it may have different effects on different immunoglobulin types, 
resulting in differences in primary and secondary immune responses and antibody isotype 
switching. The type of antigen also seems to be important with the response to T -dependant 
antigens being more readily enhanced by vitamin E supplementation than response toT-
independent antigens. The enhancement seems to be particularly pronounced in animals 
which were previously deficient in vitamin E. Vitamin E seems to have an important role 
in influencing the interaction and cooperation between cells necessary to initiate antibody 
production. One of its main effects appears to be on macrophage functions where it 
enhances antigen presentation and affects lymphokine secretion, this in turn may be related 
to its effect on T helper cell functions, which may stimulate B cells and result in enhanced 
antibody production. 
2.2.2 Effects on cellular immune responses 
The role of vitamin E in the enhancement of lymphocyte proliferation in rats and mice has 
been well established. Corwin and Shloss (1980) investigated the effects of vitamin E on 
murine spleen lymphocytes. Dietary supplementation with vitamin E led to an increase in 
proliferation ofT lymphocytes in response to suboptimal levels of Con A. Mice fed diets 
supplemented with the moderate level of vitamin E (50mg kg·1 diet) had a 2.5 fold increase 
and mice fed the high level of vitamin E (500mg kg· 1 diet) more than 8 fold increase over 
that seen in mice fed a diet without vitamin E supplementation. In vitro addition of the 
vitamin to spleen cells of the mice fed no vitamin E or those fed moderate levels increased 
the suboptimal Con A response but was ineffective when the diet contained high levels of 
vitamin E. A similar but less dramatic effect was seen with LPS. PHA induced mitogenesis 
was significantly higher at the highest level of dietary vitamin E supplementation and spleen 
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cells from mice with no supplementation did not respond to the mitogen. It was found that 
vitamin E also increased the ratio of PHA:Con A responsive cells in the spleen and lymph 
nodes. It is generally considered that immature immunoincompetent thymus derived 
Iymphocytes respond well to Con A and poorly to PHA (Stobo and Paul, 1973). Upon 
maturation the cells become immunocompetent and respond to PHA, which suggests a role 
for vitamin E in the maturation ofT lymphocytes. In a parallel experiment in vitro addition 
of vitamin E enhanced mitogenesis in the mixed lymphocyte reaction in spleen cells 
obtained from mice fed diets deficient in vitamin E (Corwin and Gordon, 1980). 
Rats fed diets supplemented with vitamin E (15, 50 or 200 mg kg· 1 diet), had splenic T and 
B lymphocytes mitogenic responses to the mitogens Con A, PHA and LPS, which were 
strongly correlated with plasma vitamin E levels (Bendich et al., 1985). Experiments by 
Moriguchi et al. (1993) with rats fed diets supplemented with 0, 50 or 585mg vitamin E kg·1 
diet produced similar results for rat thymocytes and PBL but in addition they looked at the 
effect of vitamin E on interleukin IL-2 production, total thymus and differential T cell 
numbers and prostaglandin E2 (PG~) production by thymocytes. IL-2 production was 
positively correlated and PGE2 synthesis was reduced with increasing dietary vitamin E 
supplementation. Vitamin E deficiency led to a significant reduction in the total numbers 
of both CD4+Cn8· (helper T cells) and CD4·CD8+ (suppressor T cells) and a reduction in 
CD4+CD8./CD4.CD8+ ratios in the thymus and peripheral blood compared to the group fed 
the lower level of supplementation, whereas a high level of vitamin E supplementation led 
to a significant increase in these parameters. This again suggests a role for vitamin E in the 
differentiation and maturation of helper T cells in the thymus and as a consequence on IL-2 
production by those cells. 
In vitro addition of vitamin E to rat splenic macrophages enhanced their ability to stimulate 
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lymphocyte proliferation in the presence of Con A and increased IL-l production by the 
macrophages (Oonish et al., 1995); it was not however able to decrease PG~ synthesis by 
these cells This suggests that the immunomodulatory effect of vitamin E in this experiment, 
involving macrophage mediated enhancement of lymphocyte proliferation, was not 
associated with decreased PGE2 production but with increased production of IL-l by the 
macrophages. 
The effect of dietary supplementation with vitamin E on mitogenesis in domestic animals 
is less clear. Bonnette et al. (1990) reported no effect of different levels of vitamin E 
supplementation on peripheral blood lymphocyte stimulation indices in response to Con A 
or PHA in weaned pigs. In contrast, in calves, supplementation with 2800mg vitamin E 
orally or 1400mg by injection per week increased mean lymphocyte stimulation indices to 
PHA over a period of 12 weeks compared to oral supplementation of 0 or 1400mg vitamin 
E per week (Reddy et al., 1986). In a subsequent experiment (Reddy et al., 1987) calves 
were supplemented with 0, 125, 250 or SOOIU/calf/day"1 over a period of 24 weeks. 
Stimulation indices in response to Con A and LPS were significantly higher for calves given 
125 and SOOIU than for control calves. 
Peripheral blood macrophages from cattle showed increased IL-l and superoxide anion 
production and increased expression of major histocompatibility complex class ll (MHC-ll) 
following dietary supplementation of the cattle with vitamin E (Stabel et al., 1992; Politis 
et al., 1995). 
Thus it appears that vitamin E has an important role in the regulation of cell mediated 
immune responses, due mainly to the effects it appears to have on T cell differentiation, 
maturation and IL-2 production and prostaglandin synthesis and IL-l production by 
macro phages. 
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2.2.3 Effects on disease resistance. 
A correlation has been established between the vitamin E status of laboratory animals and 
disease resistance. Heinzerling et al. (1974b) found increased resistance to Diplococcus 
pneumonia type 1 (Dp1) infection in immunised and unimmunised mice fed diets 
supplemented with vitamin E (0, 60, 120, 180, 240, 300 or 360mg kg· 1 diet). 
Supplementation with 120mg or 180 mg vitamin E kg· 1 diet increased survival in 
nonimmunised mice from 20% to 80% over controls when challenged with 20 bacteria and 
of mice immunised with Dpl polysaccharide from 1 5% to 70% when challenged with the 
bacteria. The mechanism of disease protection appeared to be related to enhanced 
phagocytic function. The phagocytic index, the ratio ofDpl cells phagocytosed in treatment 
groups versus the controls, of leucocytes taken from the mice 4 hours after challenge, was 
four times higher in the mice fed the 120-300 mg vitamin E kg· 1 supplemented diets. The 
increased phagocytosis did not appear to be specific to the bacteria as inert carbon particles 
were cleared faster from the blood of supplemented mice. Heinzerling (1974) found 
coenzyme Q10 (CoQ0 ) levels in the plasma, liver, kidney and spleen of vitamin E 
supplemented mice (180mg kg· 1 diet) mice were 30-40% higher than in controls. He also 
found an increased [14C] phenylalanine incorporation in the above organs in vitamin E 
supplemented mice. This indicates that the vitamin may have had an effect on ubiquitone 
synthesis as phenylalanine is a precursor of CoQ 10 Increased ubiquitone synthesis would 
lead to more efficient electron transport and metabolism in phagocytic and 
immunocompetent cells and hence enhanced phagocytic function. Alternatively vitamin 
E could protect the side chains of ubiquitones from oxidation and so have a sparing effect 
on these molecules. 
In chicks survival from E coli infection was correlated with increased HA antibody titres in 
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supplemented birds (150 or 300 IU vitamin E kg'1 diet) (Heinzerling et al., 1974a). In two 
trials mortalities were 0%-10% in supplemented chicks compared to 25%-30 % in 
unsupplemented controls and HA titres were 2-3 log2 units higher in supplemented chicks. 
These results reflect those reported by Julseth (1974) in similar experiments where groups 
of turkeys were subjected to cold and light stress before being challenged, three weeks later, 
with E coli. Supplementation with I 00 mg vitamin E kg'1 diet significantly decreased 
mortalities from 31% to 8% in the unstressed groups and from 40% to 8% in the cold light 
stressed groups. Supplementation with 300mg vitamin E kg·1 diet significantly increased HA 
titres. 
The effect of vitamin E on disease resistance in farm animals is more difficult to evaluate. 
One of the main difficulties is rationalising the little information available. A review by 
Finch and Turner (1996), concerning the effects of vitamin E and selenium on immune 
responses of domestic animals, outlines the available information on the effects of these 
nutrients on disease resistance specifically. Vitamin E supplementation (lOOOIU day land 
300mg kg· 1 feed thereafter) has been shown to increase resistance to Chlamydia infection 
in lambs (Stephens et al., 1979). Supplemented lambs showed increased weight gains and 
reduced lung involvement with the pathogen compared to control lambs. In addition no 
Chlamydia could be isolated from the lungs of the supplemented lambs whereas the 
pathogen was isolated from the lungs of 40% of the control lambs. 
Pigs, fed diets supplemented with vitamin E (200mg pig·1 day 1 ), exhibited increased 
incubation period and decreased duration of dysentery symptoms, anorexia and diarrhoea, 
in response to experimental infection with Treponema hyodysenteriae (Teige et al., 
1978, 1982). 
Vitamin E has been associated with increased resistance to mastitis in dairy cattle. 
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Somewhat contradictory reports have been published on the effect on mastitis of dietary 
vitamin E and selenium. Smith (1986) reported a 37% reduction in the incidence of 
mastitis in dairy cows, in the USA, after they were supplemented with vitamin E, whereas 
studies in the UK (Ndiweni, 1990; Ndiweni et al., 1991) failed to reproduce these effects. 
These differences were probably due to differences in the base levels of the nutrients in the 
basal diets, local availability of selenium and also to differences in levels of production. It 
was proposed that the increased resistance to mastitis was related to a combination of 
vitamin E induced reduction of prostaglandin, PG1 and PG2, synthesis and stimulation of 
polymorphonuclear neutrophil (PMN) function. 
2.3. Conclusion 
Although there are differences both in regard to the animal species and experimental 
protocols used, the above studies clearly indicate a role for vitamin E in modulating immune 
responses. The immune functions that are enhanced include, protection against infection, 
the presentation of MHC antigens and therefore antigen presentation and increased IL-l 
production by macrophages, increased numbers of plaque forming cells, increased antibody 
production, increased proliferative response to T and B cell mitogens, and increased 
phagocytosis. These effects reflect modulation of both phagocytes and lymphocytes. 
Phagocytes are essential for the functioning of lymphocytes and lymphocytes in turn 
modulate phagocyte function. Considering the complex interrelationship between the cells 
of the immune system, the products secreted and the control systems that exist it is difficult 
to identifY a specific effect for vitamin E. T cell maturation, differentiation and function also 
appear to be influenced by vitamin E. The effects of vitamin E on the immune system do 
not appear to reflect a simple antioxidant function. Experiments with other antioxidants 
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added to the diet have not replaced the action of vitamin E (Tengerdy et al., 1973). Results 
from some studies with laboratory animals indicate that vitamin E selectively stimulates 
certain populations ofT cells, influencing their maturation and differentiation and the 
synthesis of cytokines. Cell to cell contact between macrophages and T and B lymphocytes 
is essential for the cooperation between these cells and the expression of immune functions. 
The presence of vitamin E in the cell membrane bilayer has the potential to affect the 
physical properties of the membrane and therefore membrane function. The phytol side 
chain of the vitamin E molecule is closely associated with arachidonic acid in the cell 
membranes (Lucy, 1972) and may affect arachidonic acid oxygenation, modulating the 
release of arachidonic acid from the membrane phosphatide, affecting prostaglandin 
synthesis and lipoxygenase activity (Tengerdy et al., 1981 ). Prostaglandins inhibit the 
functional activity of lymphocytes and macrophages by decreasing susceptibility of cells to 
mitogen or antigen stimulation and subsequent cellular differentiation of cells (Ninnemann, 
1988; Romach et al., 1993). More specifically prostaglandins may alter immune function 
by decreasing the production of cytokines, humoral messengers that are involved in the 
regulation of immune responses by promoting the proliferation and differentiation of cells 
(Kline et al., 1990). Vitamin E modulates prostaglandin synthesis from activated 
macrophages during infection. Likoff et al., (1981) found that 300mg·1 kg· 1 vitamin E added 
to control and Escherichia coli infected chicken diets decreased PGE2 in spleen and bursal 
tissues. When aspirin (a known prostaglandin inhibitor) was injected into the chicks fed the 
supplemented diet, the two substances acted synergistically to protect chicks from death 
caused by E. coli infection. Romach et al. ( 1993) reported an effect of vitamin E on IL-l 
and PG~ synthesis. When chick peritoneal exudate cells (PEC) were cultured with avian 
erythroblastosis virus (AEV) there was a marked increase in PG~ production in comparison 
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to untreated controls. This retrovirus-mediated PGE2 increase was prevented by 
preincubation, of the PEC, with vitamin E before the addition of the virus. Supernatants 
from chick macrophages cultured with vitamin E also exhibited levels of IL-l activity 196% 
higher than controls. The suppression of T cell mitogenesis in spleen cells from AEV 
infected chickens (Kline and Sanders, 1991; Rao et al., 1990) was ameliorated by treatment 
either with vitamin E (Kline et al., 1990) or by the addition of supernatants enriched with 
IL-2 (Kline, 1991). This suggests that perhaps the ability of vitamin E to ameliorate AEV-
induced inhibition ofT-cell mitogenesis may be due to it's ability to down regulate PGE2 
release and upgrade IL-l secretion by macrophages. 
PGE2 as an immunoregulator, has multiple effects on immune cells (Ninnemann, 1988). For 
example, PGE2 decreased macrophage expression of la antigens (Snyder et al., 1982), 
inhibits the synthesis and release of IL-l (Kunkel et al., 1986), inhibits IL-2 production and 
proliferation ofT cells (Ninnemann, 1988), and induces suppressor cell activity (Kunkel 
and Chensue, 1985). In general, PGE2 acts as an immunosuppressor, affecting T cell 
mitogen responsiveness, clonal proliferation, and generation of cytotoxic T cells 
(Ninnemann, 1988) and IL-l acts as an immunoenhancer. IL-l is produced by many cell 
types in response to damage, infection or antigens and acts on T and B cells to potentiate 
their responses to other lymphokines , it also activates natural killer cells, and macrophages 
either directly or indirectly (Roitt et al., 1989). The interaction between these two factors 
is very complex, vitamin E may either directly enhance IL-l production, or by mediating 
PGE2 production, may prevent PGE2 suppression of IL-l production. It is likely that the 
inununoenhancement afforded by vitamin E is the result of both. There remains scope for 
much more research in this area before the mechanism of immunoenhancement afforded 
by vitamin E is fully understood. 
57 
The' effects ofvitamin E on ,the !immune ,response ancLdisease resistance. of fish have not 
been mentioned in this review, they wil1 be discussedi ilatef in the. ihtr<:iductio_hs to ,the' 
relevant· chapters: 
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,· 
Chapter 3 
The effects of vitamin E on nonspecific 
immune responses of rainbow trout 
First nutrition trial 
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3.1. Introduction 
Nwnerous studies have been undertaken with laboratory animals and animals of agricultural 
importance, which indicate that vitamin E can act as an immunopotentiator when fed at 
levels above the currently recommended daily requirement, as described in chapter 2. Fish 
have many immunological components and defence mechanisms in common with higher 
vertebrates (Ellis, 1988), and it is likely therefore that vitamin Eat levels of supplementation 
above those currently recommended may have a similar immunoenhancing effect in fish. 
There have been a very limited nwnber of investigations into effects of vitamin E on the 
immune response and disease resistance in a number of species of fish including rainbow 
trout, Atlantic salmon and channel catfish. These are so few in fact, compared to those 
undertaken in higher vertebrates (as described in chapter 2), that they are swnmarised below 
in Table 3.1. and discussed in detail subsequently. 
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Table 3.1 
Summary of the effects of vitamin E on immunological parameters in different species 
of fish 
Fish species Vitamin Immunological assay Result Reference 
E" 
Rainbow trout 0 Serum antibody titres All reduced in fish on Blazer and 
Oncorhynchus 40 following vaccination against deficient diets Wolke (I 984) 
mykiss ERM 
(MIF) T cell activity 
(PFC) B cell activity 
Rainbow trout 7 Challenge with virulent Mortalities reduced in fish Furones et al. 
Oncorhynchus 86 Yersinia ruckeri fed supplemented diets (1992) 
my kiss 806 Antibody titre Antibody production not 
affected 
Rainbow trout 0 Lymphocyte proliferation in Impaired in deficient fish, Veri hac et al. 
Oncorhynclws 45 respcnse to T & B cell enhanced in supplemented (1991) 
my kiss 450 dependant mitogens fish 
Antibody respcnse to Impaired in deficient fish, 
vaccination against ERM. enhanced in supplemented 
fish 
Atlantic salmon 7 Respiratory burst Supplementation did not lead Hardie et al. 
Salnw salar 86 Complement activity to any significant increase in (1990) 
326 Antibody titre and MAF in immunocompetence 
800 respcnse to HGG and Complement activity reduced 
immunisation with in deficient fish 
Aeromonas salmonicida. 
Challenge with A. 
salmonicida. 
Channel catfish 0 Antibody titre and Antibody titres not affected Wise et al. 
lctalunts puctallls 60 phagocytosis respcnse to by vitamin levels but (I 993) 
2500 vaccination with phagocytosis enhanced in 
Edwardsiel/a ictulari supplemented fish 
Asian seabass 0 Complement activity and Complement activity and Obach et al. 
Dicelllrarclws 40 phagocytosis phagocytosis enhanced at ( 1993) 
latrax 300 Antibody titre in respcnse to highest level of 
vaccination with Vibrio supplementation 
anguillarum 
Challenge with Vibrio Mortality unaffected by 
anguil/arum dietary treatment 
Vitamin E supplementation mg·' kg·' diet 
Studies into the effects of marginal deficiencies of vitamin E on the immune response and 
nonspecific immunity of rainbow trout were undertaken by Blazer and Wolke (1984 ). A 
semi-purified control diet (140mg vitamin E kg-t diet) and a deficient diet (0.6mg vitamin 
E kg-t diet) were fed for 12 weeks prior to vaccination with sheep red blood cells (SRBC) 
or Yersinia ruckeri 0-antigen. Phagocytosis of latex beads, B cell responses (antibody 
titres and plaque forming cells [PFC]) and T cell response (migration inhibition factor 
[MIF]) to both antigens were all significantly reduced in the vitamin E deficient fish. 
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In a later trial run by Verlhac et a/, (1991) rainbow trout were fed purified diets either 
unsupplemented with vitamin E or supplemented at either 45 or 450mg kg·' of diet After 
23 weeks the fish were vaccinated against enteric redmouth disease (ERM), the antibody 
response was measured every following 20 days and lymphocyte proliferation was assayed 
on peripheral blood leucocytes (P8L) after 0, 60, 90 and 120 days. Antibody responses 
were enhanced in the fish fed the higher level of vitamin E supplementation and impaired 
in fish fed the diet with no vitamin E supplementation. Lymphocyte proliferation of P8L 
in response to stimulation with phytohaemagglutinin (PHA) aT cell specific mitogen and 
lipopolysaccharide (LPS) a 8 cell specific antigen were both enhanced in supplemented fish 
and impaired in deficient fish at 60 and 90 days but returned to normal by 120 days. 
In a challenge experiment undertaken by Furones et al. (1992) rainbow trout fed a diet 
containing 806mg vitamin E kg·' diet showed increased resistance to the ERM pathogen 
Yersinia ruckeri compared to fish fed diets containing 8 or 86mg vitamin E kg·' diet Serum 
antibody titres were not affected by diet indicating that antibodies probably did not have a 
major role in increased disease resistance in this triaL Although these results contradict 
those obtained by Verlhac (1991) where serum antibody titre was enhanced by vitamin E 
supplementation they are in agreement with the findings of Hardie et al. ( 1990) who 
studied the effects of vitamin E on disease resistance in Atlantic salmon. Fish were fed diets 
containing vitamin Eat 7, 86, 326 or 800mg vitamin E kg·' diet No differences due to diet 
were observed for 8 cell function (antibody response to A.salmonicida or human gamma 
globulin [HOG]), kidney leucocyte lymphokine (macrophage activating factor [MAF]) 
production, macrophage function (assessed by superoxide production) or serum lysozyme 
levels. There was however some effect of diet on non-specific serum factors. Fish fed the 
diet with the lowest level of vitamin E (7mg kg·' diet) had impaired complement function 
as evidenced by a reduction in total haemolytic activity compared to fish fed 326 or 800 mg. 
vitamin E kg·' diet and a reduced ability to opsonise bacteria compared to fish fed 800mg 
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vitamin E kg-1 diet When two groups of fish, (7 and 326mg vitamin E kg" 1 diet), were bath 
challenged with Aeromonas sa/monicida, the rate of mortality was significantly increased 
in the low vitamin E group compared to the supplemented group. 
Lall (1988) also working with Atlantic salmon reported no differences, due to the level of 
vitamin E supplementation (0, 10, 30, 60, 120, or 240mg vitamin E kg·' diet), on antibody 
production, bactericidal activity of serum and non-specific resistance to the disease 
furunculosis caused by A.salmonicida. 
Humoral antibody titres in response to immunisation with Edwardsiella ictaluri were 
unaffected by dietary supplementation with vitamin E (0, 60 or 2,500 mg 1 kg"1 diet for 120 
days) in an experiment conducted by Wise et al. (1993) with channel catfish. 
Supplementation with vitamin E enhanced the ability of macrophages to phagocytose live 
E. ictaluri, in both immunised and unimmunised catfish. In the non-immune fish the 
phagocytic index was compromised in the deficient fish but there was no difference between 
the two supplemented groups, whereas in the immunised catfish dose dependant 
enhancement was seen. 
The conflicting results seen in these studies are probably due to a combination of factors 
such as differences in, species, water temperature, the levels of vitamin E supplementation 
used, the total lipid content and type of lipid used to prepare the diets, the levels of other 
antioxidant micronutrients in the diets and differences in methodologies. However where 
enhancement of immune function does occur as the result of supplementing the level of 
vitamin E in the diet, the effects seems to be seen mostly in nonspecific immune parameters 
including complement and phagocytosis. The non-specific immune system forms the first 
line of defence against infectious agents and in fish is likely to be more important tl1an the 
specific immune response because of the longer time that the specific response takes to 
develop, in fish, as compared to homeotherms (Ell is, 1988). Also as the immune response 
evolved first in fish, the relatively unsophisticated and the older mechanisms of the non-
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specific immune response may have remained at an efficient level to compensate for any 
deficiencies. 
In view of the limited amount of work that has been published concerning the effects of 
dietary vitamin E supplementation on the immune response and disease resistance in 
rainbow trout this trial was undertaken in order to try to clarify the picture and establish 
whether and to what extent an interaction or enhancement exists. 
The aim of this trial was to evaluate the effects of feeding a diet deficient in vitamin E, a 
diet with vitamin Eat the currently recommended level (reflecting a commercial diet), and 
a diet super supplemented with vitamin E on the growth, health and immunological status 
of rainbow trout. It was decided in this first trial to concentrate on the effects of the 
different diets on the innate or nonspecific immune response and to sample the fish 
throughout the trial in order to see how and when any differences that might occur would 
develop. The diet formulation was based on that used for commercial diets in order that it 
might reflect the diets used in a normal fish farm situation. 
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3.2 Materials and Methods 
3.2.1. Experimental protocol 
312 small rainbow trout were randomly separated into six groups each assigned to one of 
a group of six tanks as shown in Table 3.2. Fish were maintained in the same tanks 
throughout the course of the trial and duplicate groups of fish were fed diets, prepared as 
described below, either without vitamin E supplementation (group A- vitamin E deficient) 
or supplemented with I 00 mg. vitamin E kg· 1 diet ( group B - at level recommended for 
rainbow trout by Watanabe et al. [1981]) or supplemented with 800 mg. vitamin E kg· 1 diet 
( group C - super supplemented diet). Fish were weighed biweekly to determine growth 
rates and adjust feeding levels. 
Table 3.2. 
Distribution of fish in tank system: 
group Vit E 
mglkg diet 
A 
B 
c 
0 
100 
800 
Tank no group Vit E 
mglkg diet 
2 
3 
A 
B 
c 
0 
100 
800 
Tank no 
4 
5 
6 
Fish were bled and tissue samples taken at 2 weekly intervals during the course of the 
experiment and at the end of the trial for analysis of haematological and immunological 
parameters, to ascertain any differences that might occur between the different dietary 
regimes and also how they might fluctuate. Table 3.3. shows the experimental protocol. 
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Table 3.3. 
Trial!. Experimental protocol 
Parameters measured 
I. Growth rate 
2. Liver vitamin E levels 
3. Hepatosomatic index 
Sampling times 
Biweekly throughout trial 
Livers sampled from week 12.• 
Livers sampled from week 12." 
4. Histology of liver, spleen and heart Tissues sampled from week 12." 
5. Haematocrit 
6. Erythrocyte fragility 
7. Total serum protein and globulin 
8. Phagocytosis 
9. Lymphocyte proliferation 
I O.Serum lysozyme levels 
11.Complement activity CH50 
12.Spontaneous haemolysis 
• all data pooled 
Weeks 4,5,7,9,11,13,15,17,19,21.b 
Weeks 4,5,7,9,11,13,15, 17, 19,21.b 
Weeks 19, 2J.b 
Weeks 3,5,7,11. 
Week 19. 
Weeks 4,5,7 ,9, 11, 13,15,17 ,19,21.b 
Weeks 7,9,11,13,15,17,19,21.b 
Weeks 4,5,7,9,11,13,15,17,19,21 b 
b data from two successive sampling points combined 
3.2.2. Experimental animals 
Rainbow trout Oncorhynchus mykiss, were obtained from Mill Leat Trout Farm, Ermington, 
Devon. The fish were graded, to give an overall mean weight of 52 g. and then acclimatised 
for two weeks, during which time they were fed on commercial trout pellets (Trow 
Aquaculture Ltd). At the beginning of the experiment the mean weight of the fish had 
increased to 54 g. They were maintained in a recirculating system employing a large 
biological filtration unit and six self-cleaning fibreglass tanks of 500 litre capacity located 
within the experimental aquarium at The University of Plymouth. Plate 3.1 shows a 
recirculating tank system like that used in this trial . Each tank received a parallel input of 
water at a flow rate of 2.5 I min·'. The temperature was held automatically at 0 )! C. 
Photoperiod was set to operate on a 12 hours light/12 hours dark cycle using artificial 
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·natural .dayi!ghL the water quaHty. was :also monlto~edi routinei~ f~r dlsso(ved .oxygen; 
IL 
artlinorii~;;hitnte:and!Ilitrate. Alii wateY qual icy pliriilileters 'appeared ·.to be Within ,the;.known 
'· 
I :toleranceJirnits fm rainbow trout ,tinder simi)M!COnditiQnS: 
r 
6,1 
Plate 3.1. 
Recirculating tank system located in the experimental aquarium at the University of 
Plymouth as used for this trial. 
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3.2.3. Diets and feeding 
Three experimental diets were formulated and prepared for the feeding trial. These were 
based on commercial diets for the domestic rainbow trout (after Hilton and Slinger, 1981 ), 
providing 42% crude protein (c.p.) and 15% lipid, composed with specific marine and 
animal by products, with added fish oil. The oil was supplied by Seven Seas Ltd, and was 
free of added a-tocopherol . Vitamin E was provided in the form of Rovimix E-50 SD 
(Hoffmann La Roche, Base!, Switzerland), to provide dl-a-tocopherol acetate 
supplementation levels ofO mg. kg·1 (Diet 1.) 80 mg. kg· 1 (Diet 2.) and 800 mg. kg·1 (Diet 
3.). The composition of these diets is shown in Tables 3.4.1, 3.4.2 and 3.4.3. The principle 
source of protein was provided by a high quality commercial brown Chilean fishmeal (65% 
c.p., I 0% oil) (Crediton feedmills, Crediton, Devon, U.K.). This was complemented by the 
addition of meat and bone meal and blood meal (Came and Sons, Callington, Cornwall, 
U.K.), to provide both high palatability and an optimised amino acid profile. The mineral 
premix was supplied by Trouw Aquaculture U.K. ( Wincham, Cheshire.) and was included 
at a dietary level to ensure that the National Research Council (NRC, 1993) minimum 
requirement for trace elements was exceeded. The vitamin Premix was formulated to satisfy 
the known requirements for rainbow trout except for the a-tocopherol which was added 
separately. Wheat feed was provided as a carbohydrate source, a binder and a filler. 
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Table 3.4.1. 
Composition of basal diet 
A B c 
%dry wt. %dry wt. %dry wt. 
Chilean fish meal 46.15 46.15 46.15 
Meat and bone meal 10.00 10.00 10.00 
Blood meal 5.00 5.00 5.00 
Brewers yeast 2.00 2.00 2.00 
Wheat feed 21.84 21.82 20.24 
Mineral premix 1 2.00 2.00 2.00 
Vitamin premix 1 W.S. 2 3.50 3.50 3.50 
Vitamin premix 2 F.S.Z 0.50 0.50 0.50 
Inositol 0.04 0.04 0.04 
Choline chloride 0.30 0.30 0.30 
Vitamin C 0.67 0.67 0.67 
Marine oil-cod liver oil 8.00 8.00 8.00 
Vitamin E Rovimix 50%3 0.00 0.02 1.60 
Total 100.00 100.00 I 00.00 
1 Trow Aquaculture would not reveal the exact composition of the mineral premix, but it 
was formulated to have mineral levels in excess ofNRC (1993) recomendations. 
2 Microvitamins at levels in excess of those recommended in NRC (1993) for coldwater fish. 
See Table 3.4.2. and Table 3.4.3. 
3 Vitamin E 0.02% equivalent to 100 mg· 1 kg· 1 diet 
1.60% equivalent to 800 mg· 1 kg· 1 diet 
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Table 3.4.2. 
Vitamin premix 1. -water soluble and B vitamins 
Vitamin Recommended Activity % premix level mg: 1kg:1 % 
B1 Thiamine 12.00 100.00 0.03 
B2 Riboflavin 30.00 80.00 0.11 
B6 Pyridoxine 15.00 100.00 0.04 
Pantothenic acid 50.00 100.00 0.14 
Niacin 150.00 100.00 0.43 
Biotin 0.08 2.00 0.01 
Folic acid 10.00 80.00 0.04 
Cyanocobalamin 0.02 (0.1) 0.06 
0.86 
Wheat middlings 99.14 
- filler 
100.00 
Table 3.4.3. 
Vitamin premix 2. -fat soluble vitamins 
Vitamin Recommended Activity % 
Vitamin A 5400 IU.kg· 1 500 IU.mg:1 0.20 
Vitamin D 2400 IU.kg·1 500 IU.mg.· 1 0.10 
Vitamin K 10mg:1kg:1 24% 0.83 
1.13 
Wheat middlings 98.97 
- filler 
100.00 
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The dry ingredients were thoroughly mixed using a Hobart A-120 commercial electric food 
mincer attachment before the addition of the fish oil followed by enough water to hold the 
mixture together in a moist dough. The mixture was then extruded through a 3mm. die 
using the same mixer and the resulting pellets were spread out on flat pans and dried in a 
warm air cabinet at 50°C. for up to 48 hours. When completely dry the pellets were stored 
at -20°C, in airtight containers, until required. 7 days supply of food was removed from the 
freezer each week and fed to the fish twice daily at a rate of 1.6% of mean body weight per 
day. 
Proximate analysis of the test diets was performed according to standard Association of 
Official Analytical Chemists (1990) procedures and values are reported in Table 3.5. 
Table 3.5. 
Proximate com[!osition of diet 
n mean s.e. 
Protein 15 47.48 0.45 
Lipid 6 15.08 0.34 
Ash 15 10.91 0.10 
Moisture 9 5.76 0.23 
3.2.4. Analysis of alpha-tocopherol (vitamin E) levels in the diets using 
high performance liquid chromatography (HPLC) 
!-!PLC determination of a-tocopherol concentration of the pelleted feeds was carried out 
according to the method of Buttriss and Dip lock ( 1984). 50 g. of each diet was ground with 
a mortar and pestle and a 200 mg .. sample removed and homogenised in 9.98 ml. of distilled 
water. For analysis of liver a-tocopherol levels 1 ml. of the homogenate was mixed with 
2ml. of I% ethanolic pyrogallol and 0.3 ml. of saturated potassium hydroxide (KOH). The 
mixture was vortexed for 30 seconds and incubated in a 70°C. waterbath for 30 min. with 
occasional shaking. After incubation the tubes were cooled on ice and I ml. of distilled 
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water was added followed by 4 ml. ofhexane containing 0.005% butylated hydroxytol~ne 
(BHT). Tubes were shaken vigorously and centrifuged at 1500g. for I 0 min. The hexane 
layer was removed to a cooled tube, the process was repeated with a further 2ml. of 
hexane/BHT and the hexane layers pooled. The hexane was evaporated under nitrogen in 
a 37°C. water bath and the residue containing the a-tocopherol redissolved in 500 111. 
absolute alcohol. Extracts were stored at -20°C. prior to their analysis on the day of 
extraction. Alpha-tocopherol was quantified using a Kontron Instruments HPLC system, 
equipped with a syringe-loading injector, a 511m X 4.6mm X 0.25m Hypersil BDS Cl8 
column (Shandon HPLC, Runcorn, Cheshire) and a fluorescence detector (excitation 
293nm., emission 326nm., sensitivity setting 350 volts). The mobile phase used was 
methanol/water (98:2 v/v) at a flow rate of2.0ml. min ·1• The a-tocopherol concentration 
of the extracts were determined according to peak area by reference to an a-tocopherol 
standard containing I 0 111. ml:1 using the following formula: 
[a-tocopherol] (!lglml homogenate) = [et-tocopherol](std) x Sample peak area x 500 
Standard peak area x 1000 
values were multiplied by I 0 (total homogenate) and presented as mg. kg· 1 diet. Data was 
log-transformed for statistical analysis by two way ANOV A . 
3.2.5. Assay of a-tocopherol concentration in livers 
The concentration of a-tocopherol in the livers of the fish was determined using the same 
method as for the diets with some modifications. I g. ofliver was homogenised in 9 ml. of 
1.15% potassium chloride (KC I) solution and the a-tocopherol extracted from I ml. of the 
resulting homogenate as described previously. The HPLC conditions were changed in that 
the voltage level was set at 400, and the standard concentration was 20 11g. a-tocopherol 
ml: 1• Results are presented as 11g. g-1. of liver. 
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3.2.6. Hepatosomatic index 
Liver weight was presented as a percentage of total body weight. 
3.2.7. Histology 
Tissue samples from liver, spleen, heart and gills were fixed in 10% w/v formol buffed 
saline. They were then dehydrated through an ascending series of alcohols starting at 70% 
in a Shandon Elliot HP2 tissue processor. Material was then taken and embedded in 
fibrowax (Merck), melting point 54-56"C. Sections were cut at 8-IO!!m. on a Reichert-Jung 
rotary microtome. Sections were taken to water and stained with haematoxylin and eosin. 
3.2.8. Total serum protein 
Total serum protein was measured by the biuret method (Sigma Procedure No 541, 1991 ).In 
this method the copper ions, in the alkaline biuret reagent, react with the peptide bonds of 
the serum proteins to form a purple colour with an absorbance maximum at 540nm. The 
intensity of the colour being proportional to the total protein concentration. The standard 
used for both the total protein and globulin determinations was the protein standard solution 
stock no. 540-10 (Sigma). This solution contained 5gm/l OOml human albumin (Cohn 
fraction V) and 3gm/100ml of human globulin (Cohn fraction ll). For this determination 
0.02ml. of serum was mixed with I m!. total protein reagent (Sigma stock no 541-21). The 
mixture was incubated at ambient temperature for 5 min. Absorbance was read at 540nm. 
against a reagent blank and distilled water blank and concentration calculated by reference 
to the calibration curve obtained from the standards 
3.2.9. Total serum globulin 
Total serum globulin was measured as described in Sigma Procedure No. No 560, 1994. 
This procedure is based on the Hopkins-Cole reaction ( 190 I), in which tryptophan, an 
amino acid present in relatively high quantities in serum globulins, interacts with glyoxylic 
acid in the presence of sulphuric acid and an oxidising agent to produce a violet colour. The 
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chromogenic response, measured at 550-570nm., is proportional to the amount of 
tryptophan and, consequently, the amount of total globulin content of the serum. For this 
determination 0.02ml. of serum was mixed with 5.0 m!. of globulin reagent (Sigma stock 
No 560-2). The mixture was placed in a boiling water bath for 5 min. then cooled in tap 
water for 3min. Absorbance was read at 560nm against a globulin reagent and distilled 
water blank and concentration calculated by reference to the calibration curve obtained from 
the standards. 
3.2.10. Haematological procedures 
Two samples of blood were collected from the caudal vein of the fish into 2 m!. syringes, 
the first sample into a syringe, previously flushed with the anticoagulant, sodium heparin 
I mg. ml.· 1 PBS, and the second sample into a syringe without heparin. The first sample 
was used to determine haematocrit and erythrocyte fragility and the second sample was 
allowed to clot at room temperature for 3-4 hours after which the serum was separated by 
centrifugation (I O,OOOg. 5 min.). The serum was either used immediately or stored at -70"C. 
until assayed. 
3.2.10.1. Haematocrit 
The blood was introduced into heparinised haematocrit tubes (Denley Instruments, 
Daventry, U.K.) sealed with cristaseal ( Hawksley and Sons Ltd., Lancing, Sussex, U.K.) 
and spun in a haematocrit centrifuge for 5 min .. The packed red cell volume was measmed 
using a Hawksley reader and presented as a percentage of total blood volume. 
3.2.10.2. Erythrocyte fragility 
Measurements of erythrocyte fragility were carried out as described by Draper and Csallany 
(1969), and adapted for fish as described by Bell et al. ( 1985). 50 j.tl. of heparinised blood 
was added to 3 ml. of saline phosphate buffer (Appendix A). After centrifugation the 
supematant was removed and the cells resuspended in 3ml.buffer. I m!. of cell suspension 
was added to each of three tubes and an additional 4 m!. of buffer was added to each of two 
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tubes and 4 ml. distilled water to the third tube. The tubes were incubated with shaking (60 
cycles per minute) at l5°C. for 24 h.; every 8 h., tubes were removed and the cells were 
thoroughly resuspended by careful shaking. The tubes were then centrifuged (200g X 5 
min) and an aliquot of each supematant was transferred to a I ml. cuvette and the optical 
density was read at 415nm against a buffer blank. The percentage haemolysis was calculated 
by dividing the absorbance value for the tubes containing the buffer by that for the 
completely haemolysed tube containing the water, and multiplying by I 00. 
3.2.11. Immunological procedures 
3.2.11.1 Phagocytosis by head kidney glass adherent cells. 
3.2.11.1.1 Preparation of head kidney cells 
Fish were bled from the caudal vein and killed by a sharp blow to the back of the head. The 
head kidney was dissected out and kidney cell suspensions produced by passing the tissue 
through a nylon mesh into RPMI 1640 cell culture medium supplemented with I 0% fetal 
calf serum (FCS) (Tissue Culture Services Ltd.). The suspension was centrifuged (260g 
X I 0 min) and the pellet resuspended in Smls of complete medium. 
3.2.11.1.2. Preparation of bacteria for phagocytosis assay 
Two strains of Aeromonas salmonicida MT004, an avirulent strain, and 644RD, a virulent 
strain, and a strain of Yersinia ruckeri 12/6 PS were used for this assay. The bacteria were 
grown for 24 hours at 23°C with shaking in TSB (Tryptic Soya Broth) (Sigma, Poole, 
Dorset, U.K.). Cells were washed twice in PBS and the concentration of the A. salmonicida 
was determined spectrophotometrically at 590nm, with the cells suspended in PBS, using 
the formula as determined by Jones (1996): 
log concn A.salmonicida per m!. = 0.822725 x x + 7.9746 
The concentration of the Yersinia ruckeri was determined spectrophotometrically at 625nm, 
with the cells suspended in PBS using the following formula as determined by Furones 
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(1990): 
log concn. Y.ruckeri per m/. = 7.9163 + (1.6202 x x) 
Bacterial cells were adjusted to a concentration of 4 X I 06 cells ml:1 in complete medium, 
RPMI 1640 containing I 0% FCS, for use in the assay. 
In order to examine the staining properties of the cells, an aliquot of cells were killed by 
boiling for 5 min. Slides were prepared from killed bacteria, viable bacteria and mixtures 
of equal volumes of the two. The slides were stained with 0.014% acridine orange in PBS 
and examined under Vannox microscope for fluorescence and photographed using Kodak 
Gold 400 ASA film (see Plate 3.3). Bacteria were checked for viability by plating out 
known concentrations of viable and killed bacteria. 
3.2.11.1.3 Phagocytosis assays 
The phagocytic activity of the glass adherent head kidney cells was determined by two 
methods. In the first method 300 J.ll. of the kidney cell suspension was placed on methanol 
cleaned glass slides, which were incubated, in a moist atmosphere, in petri dishes for one 
hour at room temperature to allow the cells to adhere. Non adherent cells and debris were 
then washed off with medium. Either, 300 J.ll. of bacterial cell suspension prepared as 
described above or 300J.ll. of a suspension of fluorescent latex beads (Latex Bacto 0.81, 
Difco) at a concentration of 106 beads ml' 1 in complete medium was placed on the slides. 
The slides were incubated in moist petri dishes for two hours at room temperature to allow 
phagocytosis to take place, following which the slides were washed with medium to remove 
debris and nonadherent cells. 
In the second method phagocytosis was allowed to proceed in small tubes instead of on 
slides, 300J.ll of head kidney cell suspension prepared as detailed above was added to a small 
tube with an equal volume of either bacterial cell suspension prepared as detailed above or 
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a suspension of fluorescent latex beads (Latex Bacto 0.81, Difco) at a concentration of I 06 
beads ml-1 in complete medium . Phagocytosis was allowed to proceed in the tubes for 2 
hours at room temperature with shaking following which the suspension was placed on 
methanol cleaned slides and incubated in moist petri dishes for 30 min. Slides were then 
washed with PBS to remove debris, nonadherent cells and beads. 
The slides were washed with phosphate buffered saline (PBS)(Appendix A) and then either 
air dried, fixed in methanol and stained with Giemsa (Appendix A )for 5 minutes or stained 
with freshly prepared 0.014% acridine orange in PBS for 45 seconds, washed again and 
counterstained with 0.05% crystal violet in 0.15M saline for 1-1 Y2 min. Acridine orange 
stains intracellular and extracellular bacteria, causing the bacterial cells to fluoresce. 
Crystal violet cannot penetrate the bacterial cell membrane and so selectively quenched 
extracellular fluorescence. 
Slides were examined under a Vannox microscope for fluorescence and photographed using 
Kodak Gold 400 ASA film. Viable bacteria within macrophages fluoresced green; dead 
bacteria fluoresced red. Prints were examined, the phagocytic index (mean no. bacteria 
phagocytosed per cell), phagocytic capacity (percentage of cells with phagocytic ability), 
and the killing index were determined by the counting the proportions of viable and dead 
bacterial cells within the cells. 
3.2.11.2. Lymphocyte proliferation 
Peripheral blood was collected from the caudal vein into syringes previously flushed with 
heparin. Blood was diluted 1:4 with RPM! 1640 (without glutamine) and centrifuged at 
500g. for I 0 min., the supernatant was removed, heat treated at 44°C. for 20 min., and 
retained as stock plasma. The cells were resuspended to the original volume with RPM! 
1640 and layered onto I 0 ml. oflymphoprep ( Sigma). Following centrifugation at 500g. 
for 45 min. the interface containing the lymphocytes was removed and the cells washed 
twice with I 0 ml. of medium at 500g. Cells were resuspended in 5 ml. of complete RPM! 
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1640 medium containing I 0% FCS, 0.05 j.Jg ml·1 gentamicin sulphate and L-glutamine 
20mM. The viability of the cells was detennined using trypan blue exclusion and the cells 
were resuspended at a concentration of 5 X I 06 cells mt 1• 1 OOj.Jl of cell suspension was 
added to each well of a 96 well flat bottomed cell culture plate (Flow, ICM Biomedicals 
Ltd., Thame, Oxfordshire, U.K.). Mitogens (Sigma) were added with complete medium in 
100 ll'- volumes to give final concentrations of concanavalin A (Con A) of 10 j.Jg. ml- 1, 25 
j.Jg .mi.·1 or 50 j.Jg ml"1 or lipopolysaccharide (LPS) of 50 j.Jg. ml:1, I 00 j.Jg. ml· 1 or 250 j.Jg. 
ml: 1 , control wells received medium only. Assays were carried out in triplicate. Cells were 
incubated at 17"C. in a I 0% C02 atmosphere for three days. The CQ atmosphere was 
obtained by either placing a 10% volume of C02 in a sealed box with the plate or incubating 
the plate in a box containing an Alka Seltzer tablet. After three days incubation I j.JCi. 3H-
thymidine (Sigma) in 25 j.Jl complete medium was added to each well. Cells were harvested 
24 hours later using a Skatron semi-automated cell harvester onto Beckman ready filters 
impregnated with Xtalscint. The specific activity was measured on the 14C channel of a 
Phillips p emission counter. The results are expressed as stimulation indices (SI) calculated 
from the mean counts per minute (cpm) of triplicate control cultures and the mean cpm of 
triplicate stimulated cultures according to the following formula: 
SI = Mean cpm of stimulated culures 
Mean cpm of nonstimulated control cultures 
3.2.11.3. Serum lysozyme 
This assay was adapted from the method of Parry et a/, ( 1965). A suspension of 0.2 mg. 
ml:1 Micrococcus lysodeikticus (Sigma) in 0.05M sodium phosphate buffer pH 6.2 ( 
Appendix A) was prepared and mixed with 12.5 j.JI, 25 j.!l, 50 j.Jl or I 00 j.JI of serum to a total 
volume of I ml. in microcuvettes. The reaction was carried out at room temperature and 
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the absorbance at 520nm was measured after 0.5 and 4.5 min. The unit of enzyme activity 
was defined as the amount of enzyme that caused a decrease in absorbance ofO.OOI per min. 
3.2.11.4. Complement assays 
3.2.11.4.1 Preparation of sheep red blood cells 
Sheep red blood cells (SRBC), obtained in Alsever's solution (Tissue Culture Services Ltd) 
were washed four times, each by centrifugation at SOOg. for 5 min. in complement fixation 
test buffer (CFT) pH 7.2 (Appendix A). Following the final centrifugation the cells were 
made up to an approximate 5% suspension in CFT buffer. To one part SRBC suspension 
was added 14 parts 0.1% anhydrous Na2C03 (v/v) and absorbance was measured against a 
CFT buffer blank at 540nm. A 5% suspension (ie. 109 SRBC ml'1) has an absorbance value 
of0.7 at 540run (Ingram, 1990). The approximate 5% suspension was adjusted accurately 
to I X I 09 using the following formula (Kabat, 1971 ): 
Absorbance of Haemo/ysate Vf = Vi X ------"-------''----
0.700 
where Vi is the initial volume of the approximate 5% suspension and Vf is the final volume 
to which Vi has to be adjusted to give an accurate 5% SRBC suspension. SRBC for use in 
the complete haemolytic complement assay were sensitised by incubating IS ml. 5% SRBC 
suspension with 0.1 ml. commercial rabbit haemolytic serum (anti-S RBC )(Tissue Culture 
Services Ltd) for 20 min at 37°C. Cells were adjusted to a 2% suspension with CFT for use 
in the assays. 
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3.2.11.4.2 Classical complement pathway haemolytic activity 
The level of classical complement pathway haemolytic activity in the serum was measured, 
by a method adapted from Mayer ( 1961 ), by determining the quantity or lytic unit of 
complement that produced 50% haemolysis ofSRBC (i.e. CH50 unit of Complement) under 
standardised conditions. In this method, one CH50 is defined as the amount of undiluted 
serum sufficient to lyse 50% of I X l 08 optimally sensitised SRBC, during 45 min. of 
incubation at room temperature in CFT buffer in a total volume of 1.25 ml. 
Serum was diluted l :30 with CFT buffer to avoid the spontaneous antibody-independent 
haemolysis that occurs at dilutions below l :25. Volumes of serum 0.1 ml., 0.15 ml., 0.30 
ml., 0.45 ml., 0.60 ml., 0.75 ml. and 0.9 ml. were dispensed into test tubes and the total 
volume made up to lml. with CFT buffer. 0.25 ml. of the 4 X 108 mt· 1 sensitised SRBC 
suspension was added to each tube and to two control tubes, one containing I ml. CFT buffer 
alone and one containing I ml. distilled water which acted as the I 00% haemolysis control. 
Following incubation at room temperature for 45 min. the tubes were centrifuged at 200g. 
for 5 min. to remove intact erythrocytes. The relative haemoglobin content of the 
supernatant was determined by measuring the optical. density at 541 nm. using a 
spectrophotometer and the degree of SRBC haemolysis expressed as a percentage of the 
I 00% haemolysis control . To determine the total number of CH50 in the serum a graph of 
log x (ordinate axis) against log (y/1-y) (abscissa axis) for each serum dilution was plotted 
based on the log transformation of the Van Kough formula, from the linear equation: 
log x log K + _!_ log (L) 
n 1-y 
Where x = ml. of serum, y = % SRBC haemolysis, K = % lytic unit of complement and n 
is a constant. The intercept of the line with the ordinate (log x = 0) gives the amount of 
serum that corresponds to one Cl-150 unit of complement while the intersection of the line 
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with the abscissa is the quantity of serum that gives 50% haemolysis. 
log (l-y) = 0 
I 
The results were adjusted and classical complement pathway activity expressed as total CH50 
units per ml. of serum. 
3.2.11.4.3. Spontaneous haemolytic activity 
The level of spontaneous haemolytic activity in the serum was measured by the haemolysis 
of unsensitised sheep red blood cells (SRBC). Two fold serial dilutions, each of I 00 ~-!I., of 
serum in CFT, were prepared in a 96 well, round bottomed, microtitre plate. 50 Jll. of2% 
SRBC in CFT were added to each well, the plate was incubated for 1 hour at 20°C. followed 
by overnight incubation at 4°C. (Natural haemolytic activity was expressed as the reciprocal 
of the highest dilution yielding complete haemolysis.) The end point was consi<:)ered as the 
highest serum dilution where there was complete lysis of the SRBC. 
3.2.12. Statistical analysis 
Levels of significant differences between means were tested by one way ANOV A and 
Duncans multiple range test. Statistical significance was accepted at p<0.05. Different 
superscript letters on tables denote statistically significant differences between groups. 
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3.3. Results 
3.3.1. Growth rates and mortalities 
These results are shown in Table 3.8. which shows initial and final mean weights and 
overall percentage increase in mean weights. Figure 3.1. which shows the change in mean 
weights and Figure 3.2 shows percentage survival over the course of the trial. For the five 
month duration of the experiment there was little difference between the growth rates of the 
fish in group B and group C, but after 12 weeks on the diet when the fish had trebled their 
initial weight, the fish in group A began to grow more slowly, becoming lethargic and 
reluctant to feed. From 14 weeks a high number of mortalities occurred amongst group A 
compared to the other two groups and at the end of the study the mean weights of the group 
A deficient fish were significantly lower (P<0.05) than those in the other two groups. 
3.3.2. Vitamin E levels in diets and livers 
Table 3.6 and Table 3.7. show the results of these assays. Levels of vitamin E in the diets 
were correlated with the levels of supplementation added. Liver vitamin E levels reflected 
the level of the vitamin in the diet and each group was significantly different to the others. 
3.4.3. Hepatosomatic index 
Mean hepatosomatic indices are tabulated in Table 3.9 and Figure 3.3 shows a means plot 
of the data. The vitamin E deficient fish in group A had enlarged yellowish brown pale 
coloured livers when compared to vitamin E supplemented fish in groups B and C and their 
mean hepatosomatic indices were more than twice that of the other two groups. In addition 
the hepatosomatic indices of the mortalities amongst group A fish was higher than from 
those fish that were sampled from that group. The hepatosomatic indices of fish in groups 
B and C were very similar. 
3.3.4. Histology 
Histological examination of the liver, heart and spleen showed no differences in the 
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morphology of the tissues between groups. Differences in gill structures were seen in 
response to diet, Plate 3.2 shows the variation in morphology that was present. The gill 
tissue from fish in group A showed clubbing and hyperplasia and sloughing of the 
epithelium, the hyperplasia was more marked towards the base than the tips of the secondary 
lamellae, more marked on the primary lamellae than the secondary lamellae and more 
marked towards the base of the primary lamellae than at the tips; at which point the 
epithelium was totally sloughed off. The blood spaces between the afferent and efferent 
blood vessels of the gill from this group were enlarged to about two to three times the size 
of those in the other two groups, there also appeared to be an increase in the amount of 
mucus present on the gills. The gills from fish in groups B and C appeared healthy and 
undamaged and differences were marginal, however, the gills from the fish in group C 
seemed to have a slightly better structural integrity than the gills from the fish from group 
B. 
3.3.5. Total serum protein and globulin 
The results from this assay are shown in Figure 3.6 and Table 3.12. The total serum protein 
concentration of the fish in group A was significantly lower than that in groups Band C. 
There was no significant difference in the total serum protein levels of groups B and C. The 
total serum globulin levels reflected those of the total protein in that group A was 
significantly lower than groups B and C but again there was no significant difference 
between these two groups. 
3.3.6. Haematocrit 
The variation in results between the groups are shown in Table 3.10 and Figure 3.4. Initially 
the haematocrit results for all groups were about the same, but from week 8 onwards 
group A fish began to show a reduced packed red cell volume when compared to groups B 
and C. The packed red cell volume for group C was on average higher than that of group 
B, however, the difference was not significant except at week 12. Group A was 
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significantly different to both these groups from week 8 onwards. 
3.3.7. Erythrocyte fragility 
A large variation between individual fish was observed for this assay throughout the 
experiment and due to difficulties with the experimental protocol, no satisfactory results 
were obtained for the early weeks. The results, from week 12 onwards are shown in Table 
3.11. and Figure 3.5. The mean percentage haemolysis of erythrocytes from the fish in 
group A was higher than that of erythrocytes from the fish in group B which showed higher 
mean percentage haemolysis than those of group C. However due to the large variation seen, 
the only differences, that were significant (p<0.05), were between group A and both group 
B and C at week 16 and 20. The difference between these two groups was not significant 
at any time. 
3.3.8. Phagocytosis 
Problems were encountered with the assays used to measure phagocytosis levels in response 
to diet and so the results may not be reliable but it appeared that there were no differences 
between the groups in phagocytic indices, phagocytic capacity or killing indices related to 
diet (Table 3.13). Plate 3.4 shows phagocytosis of Aeromonas salmonicida cells by glass 
adherent head kidney cells. 
3.3.9. Lymphocyte proliferation 
This assay was only undertaken at the end of the experiment, from the results obtained it 
appeared that Con A induced proliferation ofT lymphocytes was inversely related to the 
level of vitamin E in the diets, the fish in group A had significantly higher stimulation 
indices than the fish in group C (Table 3 .14). There appeared to be little difference in the 
ability of the B lymphocytes to respond to stimulation by LPS within the three groups. The 
stimulation indices in response to LPS were higher than those in response to Con A for all 
dietary groups. 
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3.3.10. Lysozyme levels 
The results for this assay were highly variable and no clear trends emerged. Figure 3. 7. and 
Table 3.15. show the variation in lysozyme activity seen over the course of the trial. 
3.3.11. Spontaneous haemolysis 
The variation in serum spontaneous haemolytic activity, related to diet, is shown in Table 
3.16. and Figure 3.8. In this assay, which measured the ability of the trout serum to 
spontaneously lyse SRBC, the levels of activity seemed to remain fairly stable for the first 
16 weeks of the experiment, with a slight trend for greater spontaneous haemolysis, with 
increased vitamin E in the diet. Thereafter the levels of activity in the serum of the fish 
from groups B and C increased while that of the fish in group A decreased. At week 20 
spontaneous haemolysis activity in serum from the fish in group A was significantly lower 
than that of groups B and C but there was no significant difference between these two 
groups. 
3.3.12. Complement activity 
The variation in serum antibody dependent complement activity, as related to diet, is shown 
in Table 3.17. and Figure 3.9. In this assay, which is a measure ofthe activity of the classical 
complement pathway, the levels of activity appeared to start off high, fall as the experiment 
continued and then rise again, with groups B and C regaining their earlier levels and group 
A increasing only slightly. In the first 16 weeks, complement activity seemed to be related 
to the level of dietary vitamin E but after this time, while group A showed significantly 
lower activity, there was no difference in the levels of activity in the serum from the fish 
in groups B and C. 
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Table 3.6. 
Alpha-tocopherol levels in diets analysed by HPLC 
a-tocopherol ~g/g diet 
Diet Sa~nEle 1 SamEle 2 Mean 
group A 6.20 6.93 6.57 
group B 120.00 11 2.50 116.25 
group C 1352.90 1258.60 1305.75 
Table 3.7 
Variation in alpha-tocopherol levels in livers from rainbow trout fed diets either 
supplemented with or deficient in vitamin E as analysed by HPLC 
weeks 16-20 grouE A group B group C 
no. fish/grouE 15 12 16 
a-tocopherol ~g/g liver 12.2 1 ± 1.30a 110.02 ± 18.19b 1987.37 ± J58.09c 
Values in the same row with different superscript letters are significantly different from each other (p<0.05) 
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Table 3.8. 
Initial and final mean weights of rainbow trout fed diets either supplemented with or deficient in vitamin E 
group A group B group C 
0 mg. vitamin E kg·' diet I 00 m g. vitamin E kg·' diet 800 mg. vitamin E kg·' diet 
Tank 1 Tank4 Tank2 TankS Tank3 Tank6 
n mean se. n mean se n mean se n mean se n mean se n mean se 
initial 51 62.00 2.34 50 61.52 1.94 51 61.25 1.62 52 59.20 1.42 54 57.81 1.72 53 60.57 1.59 
weight 
(g) 
fmal 18 131.09" 12.74 22 136.163 10.73 27 274.9ld 15 .87 28 256.00b 11.54 32 234.59bc 11.96 31 265.80cd 10.32 
weight (g) 
percentage 2 11.44 221.33 448.83 432.43 405 .79 438.83 
increase 
n = no fish per group 
Values with different superscript letters are significantly different (p<0.05) 
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Influence of vitamin E on mean hepatosomatic indices of rainbow trout fed diets either 
supplemented with or deficient in vitamin E 
Table 3.9. 
Influence of vitamin E on hepatosomatic indices of rainbow trout fed diets either 
supplemented with or deficient in vitamin E 
Values represent liver weight as % of total body weight: mean for each group ±standard error 
Weeks 
12-20 
group A (M) 
n=22 
3. 10 ± 0.11 1 
group A 
n=32 
2.62 ± 0.12b 
group B 
n=40 
1.27 ± 0.05 
group C 
n=3 1 
1.30 ± 0.04 
Values in the same row with different subscript letters are significantly different from other groups 
p < 0.05 
M= mortalities 
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Plate 3.2. 
a) Gills from group A rainbow trout showing clubbing of the epithelium of the 
lamellae. Scale bar= 40 J..1111. 
b) Gills from group A rainbow trout showing sloughing of the lamellae 
epithelium. Scale bar = 40 fln1. 
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c) Gills from rainbow trout from group B. Scale bar= 40 J..Lm. 
d) Gills from rainbow trout from group C. Scale bar = 40 )liD. 
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Figure 3.4. 
Variation in mean haematocrit values of rainbow trout fed diets either 
supplemented with or deficient in vitamin E during the course of the trial 
Table 3.10. 
Variation in mean haematocrit values of rainbow trout fed diets either 
supplemented with or deficient in vitamin E during the course of the trial 
Week no grou~ A grou~ B grou~ C 
4 25.85 ± 0.83 27.33 ± 0.14 25.50 ± 0.87 
8 20.00 ± 0.95 
8 22.96 ± 1.27 23.79 ± 0.44 
12 8.89 ± 0.91 
1 17.50 ± 1.23 b 22.46 ± 1.38 c 
16 3.7 1 ± 0.6 1 . 22.50 ± 0.97 22.39 ± 1.18 
20 8.63 ± 1.41 • 25.00 ± 1.84 27.46 ± 0.78 
Haematocrit values (Packed Red Cell Volumes %) during the course of the trial 
Mean values with their standard errors for 12 fish per group. 
Values in the same row with different superscript letters are significantly different from other 
groups p < 0.05 
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Variation in erythrocyte fragility values in rainbow trout fed diets 
supplemented with or deficient in vitamin E (week 12 to week 20). 
Table 3.11. 
Erythrocyte fragility values of rainbow trout fed diets either 
supplemented with or deficient in vitamin E 
Week n• group A group B 
110 % Haemolysis %Haemolysis 
12 6 25.4 1± 12.00 11.15± 1.63 
16 6 55.07± 17. 14 . 17.52±7.86 
20 12 49.06± 10.61 . 12. 17±3.2 1 
Values represent mean of each group ± standard error 
• Sample s ize I group 
group C 
% Haemolysis 
6.45±0.85 
8.57±2.3 1 
4.70±0.91 
* Denotes that the value is significantly different to the other va lues in same row (P<0.05) 
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Influence of dietary vitamin E on total serum protein and globulin concentration of 
rainbow trout fed diets either supplemented with or deficient in vitamin E 
Table 3.12. 
Influence of dietary vitamin E on total serum protein and globulin concentration of 
rainbow trout fed diets either supplemented with or deficient in vitamin E 
Values represent means and standard errors 
Week 20 
Serum protein mglml 
Serum globulin mglml 
n' 
12 
12 
group A 
352 .± 17.99 * 
129.± 12.41 * 
group 8 
564 ± 43.61 
230 ± 16.42 
group C 
619 ± 27.40 
224 ± 19.66 
* Denotes that the value is significantly different to the other values in same row (P<O.OS) 
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Table 3.13. 
Influence of dietary vitamin E on phagocytosis of Aeromonas salmonicida by glass 
adherent head kidney cells from rainbow trout fed diets either supplemented with 
or deficient in vitamin E 
Values represent means of fields of view suitable for counting 
(sample size is not constant) 
Week 
no 
group A group B group C 
4 
8 
12 
Phagocytic 
cells 
%total 
18.25 
34.04 
21.79 
Bacteria per Phagocytic 
phagocytic ce lls 
cell %total 
3.00 20.85 
3.29 19.07 
2.24 21.86 
Bacteria per Phagocytic Bacteria per 
phagocytic cells phagocytic 
cell %total cell 
2.10 24.26 2.91 
2.32 23.94 3.54 
1.59 22.07 1.80 
Table 3.14. 
Influence of dietary vitamin E on proliferation of peripheral blood lymphocytes 
from rainbow trout fed diets either supplemented with or deficient in vitamin E 
. 
n 
4 
4 
Values represent mean stimulation indices and standard errors of mitogenesis induced by 
concanavalin A at 25 !-lg or lipopolysaccharide at I 0011g ml: 1 of culture medium 
Week no 20 
Mitogen 
Con A 
LPS 
• Sample size I group 
group A 
SI 
4.00 ± 0.953 
18.18±4.20 
group B 
SI 
2.70 ± 0.57ab 
14.54 ± 6.33 
SI = stimulation index (experimental CPM/control CPM) 
group C 
SI 
1.23 ± 0.43b 
14.66 ± 6.37 
Values in the same row with different superscript letters are significantly 
different from other groups p < 0.05 
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Plate 3.3. 
A. Salmonicida stained with acridine orange. 
a) viable cells green fluorescence. Scale bar= 10 J.lm. 
b) killed cells orange fluorescence. Scale bar= I 0 J.lm. 
97 
c) mixture of viable and killed cells. Scale bar = 10 ~-tm. 
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Plate 3.4. 
Glass adherent head kidney cell from rainbow trout fed diets either supplemented 
with or deficient in vitamin E showing phagocytosis of Aeromonas salmonicida 
a) head kidney cell from rainbow trout from group A showing intracellular bacteria and a 
melanomacrophage (MM). Scale bar= 20 !liD. 
b) head kidney cells from a rainbow trout from group B showing intracellular 
bacteria. Scale bar = 20 11m. 
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Figure 3.7. 
Variation in serum lysozyme activity of rainbow trout fed diets either 
supplemented with or deficient in vitamin E over the course of the trial. 
Table 3. 15. 
Variation in serum lysozyme activity of rainbow trout fed diets either 
supplemented with or deficient in vitamin E over the course of the trial. 
Values represent means and standard errors of units of lysozyme activities for each group 
Week no na group A group B group C 
4 6 1654 ± 306 915 ± 269 1755 ± 488 
8 6 998 ± 302 1280 ± 208 1581 ± 133 
12 6 1592 ± 450 3750 ± 511 3092 ± 909 
16 6 2595 ± 323. 995 ± 11 8 1470 ± 248 
20 12 558 ± 62 541 ±58 11 41 ± 156. 
• Sample size/group 
· Denotes that the value is significantly different from other values in the same row (P<0 .05) 
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Figure 3.8. 
Spontaneous haemolytic activity in serum from rainbow trout fed diets either 
supplemented with or deficient in vitamin E over the course of the trial 
Table 3.16, 
Spontaneous haemolytic activity in serum from rainbow trout fed diets either 
supplemented with or deficient in vitamin E over the course of the trial 
Mean of log2 serial dilution causing complete spontaneous lysis of sheep red blood cells 
Week no. • grouE A grouE B grouE C n 
4 6 3.00 ± 0.45 3.67 ± 0.33 4.67 ± 0.67 
8 6 3.33 ± 0.42 4. 17 ± 0.83 4.67 ± 0.80 
12 6 4.67 ± 0.67 5.33 ± 0.84 6.67 ± 1.98 
16 6 4.00 ± 0.89 4.67 ± 0.66 5.33 ± 0.67 
20 12 3.67 ± 0.548 9.00 ± 1.00 8.00 ± 1.47 
• sample size per group. Values represent means and standard errors 
• Denotes that the value is significantly different to other values in the same row (P<0.05). 
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Influence of dietary vitamin E on classical complement pathway activity in serum from 
rainbow trout fed diets either supplemented with or deficient in vitamin E over the 
course of the trial. 
Table 3.17 
Influence of vitamin E on classical complement pathway activity in serum from 
rainbow trout fed diets either supplemented with or deficient in vitamin E over the 
course of the trial. 
Values reEresent means and standard errors of CH~!! units for each gt·ouE 
Week no • grou~ A grou~ B grou~ C n 
8 6 80.83 ± 6.43 94.42 ± 12.07 128.23 ± 23.85 
I2 6 19.74 ± 8.20 38.53 ± 6.96 60.78 ± 5.583 
I6 6 I9.86 ± I 0.24b 54.0 I ± 14.86bc 59.14± 11.40C 
20 12 29.93 ± 6.67d 103.22 ± 22.01 108.87 ± 27.76 
Sample size I group 
Values in the same row with different subscript letters are significantly different from each other P < 0.05 
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3.4. Discussion 
This trial appeared to show that dietary deficiency of vitamin E can depress growth and 
cause mortalities in rainbow trout. This does not correlate with the findings of Blazer and 
Wolke (1984) and Furones et al. (1992) who both reported no differences in growth rates 
or mortalities due to low dietary levels of vitamin E in their studies. There is a close 
interaction between the type and levels of lipids and vitamin E requirements in diets and 
these differences may be due to differences in the diet compositions used. The diet prepared 
by Furones et al. ( 1992) contained 6% corn oil and 5% lard, whereas the diets used in this 
trial were made up with 8% cod liver oil., Fish oils are higher in PUF A and this may have 
increased the vitamin E requirement. Blazer and Wolke (1984) formulated their diets to 
contain 7.5% cod liver oil and 2.5% corn oil which are at a similar level to this diet but the 
basal composition was very different being based on the Oregon test diet (National Research 
Council, 1973) and other factors such as ascorbic acid and selenium levels may have 
affected the results. Cowey et al. (1981) in a vitamin E requirement study with rainbow 
trout also found that a diet deficient in vitamin E did not depress growth rates or effect gross 
pathology, but the diets were formulated to have a minimal content of unsaturated fatty 
acids. 
As the diets used in this trial were prepared using cod liver oil, this may explain the reduced 
growth rates and increased mortalities seen in the vitamin E deficient fish compared to 
vitamin E deficient fish in similar trials. Watanabe et al. (1981) fed rainbow trout diets 
containing different levels of pollock liver oil and different levels of a-tocopherol and 
reported that the requirement was related to the level of fish oil in the diet as shown by 
differences in growth rates. The lower growth rates from 6 weeks onwards and mortalities 
from 7 weeks onwards were seen in the fish fed a diet containing 15% pollock liver oil with 
no a-tocopherol supplementation. Other species, carp (Watanabe et al., 1970), Atlantic 
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salmon (Lall et al., 1988; Hamre and Lie, 1995) and chinook salmon (Woodall et al., 1964; 
Thorarinsson et al., 1994) fed diets containing fish oil and deficient in a-tocopherol 
exhibited reduced growth rates. Vitamin Eat IOOmg kg'1 diet seemed to be adequate to 
maintain optimum growth rates in this trial. 
Growth amongst the fish fed supplemented diets appeared to be influenced by which tank 
they were in. The actual growth rates were about the same, but the fish in tank 5 although 
fed the same diet as the fish in tank 2 (I 00 mg. vitamin E kg·1 diet) never attained the mean 
weights seen in this group, which was highest of any group and in the same way the fish in 
tank 3 consistently had lower mean body weights than the fish in tank 6 which were fed the 
same diet ( 800 mg. vitamin E kg· 1 diet). This effect was also observed by Bell et al. (1985) 
where the mean final weights of duplicate tanks of rainbow trout were significantly different 
to each other despite being fed the same diets. Thus a factor or factors other than diet may 
have caused this effect, such as slight differences in temperature, lighting, disturbance or 
perhaps a hierarchial effect within the tank population. 
In the early part of the trial all fish grew at the same rate which suggests that it took about 
twelve weeks or until the fish have trebled their initial weight for available vitamin E stored 
in the tissues of the fish to become depleted to such an extent that it affected growth. Cowey 
et al. (1981) found a significantly lower liver, muscle and adipose tissue a-tocopherol levels 
in fish fed a diet unsupplemented with vitamin E compared to fish fed a diet supplemented 
with lOOmg vitamin E kg· 1 diet after 12 weeks of feeding. Between 12 and 16 weeks the 
levels of a-tocopherol in the white muscle decreased in the fish fed the unsupplemented diet 
whilst that of the other tissues did not. It was suggested that this was due to the levels in 
these tissues being so small and that under conditions of tocopherol depletion, tocopherol 
is translocated from muscle to other tissues. Alpha-tocopherol levels seen in the livers of 
the fish in this trial correlate well with those seen in the study by Cowey et al. (1981) and 
suggest that even when alpha-tocopherol is severely depleted, in that the deficiency results 
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in a depression in growth, it is still at a level detectable in the liver, but may be so low as 
to be unavailable to the fish. This may be similar to the situation seen in mammals where 
adipose tissue, liver and muscle are the major storage deposits of the vitamin (Mach! in, 
1991 ). In studies with guinea pigs by Mach! in and Gabriel (1982) the rate of depletion of 
vitamin E from tissues, upon its withdrawal from the diet varied considerably, being fairly 
rapid in plasma and liver, slower from skeletal and heart muscle, and very slow from 
adipose tissue. When high levels of vitamin E were added to diets containing nutritionally 
adequate levels, the vitamin accumulated with time in all these tissues. When the high 
supplementation levels were withdrawn, tissue levels rapidly returned to their normal levels. 
They suggested the presence of two different pools of vitamin E in most tissues, one at high 
tissue levels that was rapidly mobilised and one at low tissue levels that decreased very 
slowly. 
There was evidence of some liver dysfunction induced by vitamin E deficiency in this trial. 
The livers from group A fish were enlarged and had a yellowish brown appearance and the 
hepatosomatic indices were significantly higher in group A mortalities than the group A 
sampled fish suggesting that this may have contributed to the deaths of these fish. Cowey 
et al.( 1981) found no increase in hepatosomatic indices of trout fed vitan1in E deficient diets 
but Thorarinsson et al. ( 1994) and Poston et al. (1976) in experiments with Atlantic salmon 
did report increased hepatosomatic indices related to vitamin E deficient diets. We expected 
to see these differences reflected in the histological investigations of the livers of the fish 
but none were apparent .The tissue was prepared for sectioning in wax so that the lipid 
content of the tissues was removed by the fixation process; had a cryostat technique been 
used instead then it might have been possible to see differences in the livers related to 
vitamin E levels in the diet. The only histological differences related to dietary levels of 
vitamin E seen in this trial were clubbing of the gills seen in the fish in group A; this is a 
classic vitamin E deficiency symptom and has been reported by Woodall et al. (1964) in 
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chinook salmon fed vitamin E deficient diets. 
The fish in group A appeared very anaemic, their blood was very pale and watery and they 
had significantly lower haematocrit readings than the other groups. It is probable that the 
severe anaemia, combined with the liver dysfunction previously mentioned led to the large 
number of mortalities in this group. Significantly lower haematocrit values, related to 
vitamin E deficient diets have been reported in other studies with trout (Poston, 1965; 
Cowey et al., 1984; Bell et al., 1985). Deficiency of dietary vitamin E does not appear to 
affect haematocrit values in Atlantic salmon (Hardie et al., 1990; Waagbo et al., 1993; 
Hamre et al., 1994) or catfish (Wise et al., 1993). 
Vitamin E is an important component of the outer membrane of erythrocytes, where it 
functions both as a structural component and as an antioxidant controlling peroxidation of 
unsaturated lipids. Gyorgy et al. (1952) first suggested that haemolysis of erythrocytes by 
dial uric acid was related to the level of biologically available tocopherols in the blood and 
used the test to measure the availability of vitamin E in new born infants. Draper and 
Csallany ( 1969) later developed a simplified haemolysis test for vitamin E, an adaption of 
which was used for this experiment. Some problems were encountered with this assay in 
the early weeks of the trial. These were related to contamination of the test tubes with 
detergent, which caused the erythrocytes to lyse, and difficulties in maintaining the constant 
temperature required for this assay. Once these problems were overcome the results were 
more reliable. Furones et al. (1992) found, as this study also showed, that a diet low in 
vitamin E ( 7 mg. vitamin E kg·' diet) increased erythrocyte fragility in rainbow trout 
compared to that of fish fed diets with higher levels ( 86 or 806 mg. vitamin E kg-' diet). 
Erythrocyte fragility also appeared to be increased in rainbow trout fed diets depleted of 
vitamin E and or selenium (Bell et al., 1985) but as in this study a large variation was seen 
in the results and the level of supplementation was not correlated with increased erythrocyte 
stability. 
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The reduction in total globulin levels seen in the fish from group A is in accordance with 
the results obtained by Blazer and Wolke (1984) and may reflect a reduction in 
immunoglobulin levels in the serum. Blazer and Wolke however, found no correlation 
between diet and total protein levels unlike in this trial where they did appear to be 
correlated with vitamin E levels in the diets and were significantly lower in vitamin E 
deficient fish; levels for all diets were within the range reported for rainbow trout 
(Alexander and lngram, 1980). 
Phagocytic cells have an important role in fish in the defence against infection (Secombes 
and Fletcher, 1992). The ability of certain fish cells to phagocytose and digest a variety of 
particles has been widely reported (Ellis, 1976, 1977; Soveny and Kusuda, 1987; 
Thuvander et al., 1987; Pedrera et al., 1993; Secombes, 1994) The cell populations reported 
to exhibit phagocytic activity in salmonid fishes include the monocyte-macrophage cell 
lineage and neutrophils (Thuvander et al., 1987; Sakai, 1984a ; Blazer, 1991; Ainsworth, 
1992; Secombes and Fletcher, 1992). They have an important role in the disease resistance 
of fishes both because of their ability to engulf and digest foreign material and also because 
of the important part they play in processing and presenting antigens to initiate the specific 
immune response. The phagocytic capacity of fish cells is influenced by environmental 
factors including diet (Blazer and Wolke, 1984; Li and Lovell, 1985), polysaccharides 
(Y ano et al., 1989,1991; Anderson and Siwicki, 1994), peptides (Kitao and Yoshida, 1986; 
Jeney and Anderson, 1993a, 1993b ; Sakai et al., 1993; 1995) and synthetic chemicals such 
as levamisole (Siwicki, 1989; Kajita et al., 1990; Anderson and Jeney, 1992 ), as reviewed 
by Secombes (1994). Estimations of the activity of phagocytic cells would therefore seem 
to be of value in studying the influence of diet on the resistance of fish to infections. 
Phagocytic activity of fish phagocytes isolated from blood, kidney and peritoneal cavity 
have been studied by several methods. The method used in this trial to measure 
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phagocytosis and intracellular killing was an adaptation of a method used by Blazer et a/, 
(1989) to measure phagocytosis and intracellular killing of Edwardsiella ictaluri by 
macrophages from channel catfish (lctalurus puncta/us). The use of this method for 
measuring phagocytosis by rainbow trout cells has not been reported, but as both 
phagocytosis and intracellular killing of bacteria could be measured in the same assay, and 
the macrophage preparation protocol was fairly simple, it was decided that the method 
might be suitable measuring these parameters, considering the large number of samples 
used, in this trial It was found that the assay worked equally well whether phagocytosis 
took place on slides or in tubes so the slide method was used for convenience. The method 
using fluorescent beads was abandoned, as it was very difficult to see the unstained head 
kidney cells. Y. ruckeri bacterial cells were found to be too small to count and the virulent 
strain of A. sa/monicida caused the macrophages to become detached from the slides. It 
was therefore decided to use the avirulent A. Salmonicida for this assay. However problems 
still occurred, the crystal violet did not quench the extracellular bacteria very well and the 
head kidney cells autofluoresced. The difficulties encountered in this study in quenching the 
fluorescence with crystal violet, compared to that of Blazer et al., ( 1989), were probably due 
to difference in the structures of the cell walls of the bacteria. The major drawbacks of this 
assay were the time consuming nature and the necessity to study the slides immediately. 
This was overcome to some extent by taking photographs of the slides so that they could be 
scored later, but as the fluorescence increased the longer the slides were under the 
microscope it was difficult to adjust the focus and great variation in the quality of the 
photographs occurred. The large number of samples resulted in variation as a factor of the 
time taken between processing the first and last samples. It was difficult to maintain the 
condition of the cells on the slides over the time taken to process them and in many cases, 
on the slides examined last, the cells had died. Assays also had to be undertaken over a 
series of different days, which increased the variation between the results. It is difficult to 
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compare the results from this trial with other studies because the afore mentioned problems 
made the results somewhat difficult to interpret, however Blazer and Wolke (1984) did find 
that peritoneal macrophages from rainbow trout fed a vitamin E deficient diet had a reduced 
ability to phagocytose latex beads compared to fish on a supplemented diet and Wise et al. 
(1993) reported that vitamin E significantly enhanced the ability of head kidney 
macrophages to phagocytose virulent E. ictaluri in both vaccinated and unvaccinated 
channel catfish. 
In this trial PBL mitogenesis in response to LPS (a specific B cell mitogen) and Con A (a 
specific T cell mitogen) was only measured at the end of the trial, LPS induced mitogenesis 
was not affected by dietary vitamin E supplementation and Con A induced mitogenesis was 
inversely related to the level of vitamin E supplementation in the diets. There is very little 
published work on the effect of dietary vitamin E on peripheral blood lymphocyte 
proliferation in response to mitogens in fish and no published reports into the effects of 
dietary vitamin E on Con A induced mitogenesis in salmonids. The results from this trial 
contrast with those from mammalian studies where vitamin E was found to stimulate 
lymphocyte proliferation in laboratory (Corwin and Gordon, 1980; Corwin and Schloss, 
1980; Bendich et al., 1985; Moriguchi et al., 1993; Oonish et al., 1995) and domestic 
animals (Reddy et al., 1987; Bonnette et al. 1990) as described in detail in the second 
chapter of this thesis. The Con A induced PBL stimulation indices for this trial were 
however in the range reported by Tillitt et al. (1988) for rainbow trout PBL stimulated with 
Con A. Verlhac et al. (1991) found a vitamin E stimulating effect on LPS induced 
lymphocyte proliferation in rainbow trout after 60 and 90 days but the effect was temporary 
and by 120 days proliferation returned to control levels. As lymphocyte proliferation was 
only measured at one time point in this trial it is difficult to compare results. This test may 
not be ideal for a nutrition trial as it is performed over the course of several days and 
involves numerous rounds of proliferation and will be heavily dependant on adequate 
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supplementation of the culture medium with nutrients. If the culture medium is 
supplemented with foetal calf serum (FCS) the results may be erroneous as any in vivo 
deficiency of vitamin E in the lymphocytes may be overcome in vitro by the presence of the 
required nutrients in the FCS. This may be overcome to some extent by using autologous 
serum but in this trial higher levels of mitogenesis were obtained with FCS than with RTS. 
In addition nutritional deficits can lead to reductions or enhancement of the total number 
and proportions of some leucocytes (Fraker, 1994). This can alter the intensity of immune 
responses in vivo; this assay in which the same total number of lymphocytes is placed in 
each well regardless of their number or proportions in vitro may not reflect these changes. 
The results from the lysozyme assay were totally unreliable. The chosen method, although 
a standard technique, did not appear to be satisfactory. The serum lysozyme activity 
appeared to be very unstable and rapidly inactivated by other proteases in the serum 
following any slight increases in temperature and the large sample numbers and the time 
consuming nature of the assay which meant that there were variations in the time between 
thawing the serum and the assays. The rate of lysozyme activity was not consistent over the 
time period measured, and resulted in a large variation in results, both within and between 
samples. Thus the large variation seen in the results was probably due to both the variation 
induced by the difficulties encountered with the assay method and also variation in 
individual serum lysozyme activity between fish. This method has been used by other 
workers to measure lysozyme activity in rainbow trout but most studies have been related 
to kidney lysozyme activity rather than serum lysozyme activity ( Grinde et al., 1988a, 
1988b; Lie et al., 1989) so results cannot be compared but when Grinde et al., (1988b) 
investigated the variation in lysozyme activity in rainbow trout serum, measured activity 
was found to be 367±185 units of enzyme activity u·1 ml·1 (mean± S.D). The assay method 
used was an adaption of the turbidimetric method (Parry et al., 1965) used in this trial, but 
the levels of activity and the variation between individuals was much lower. A much larger 
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number of fish were sampled but this still does not explain the difference in results. 
The complement system is particularly important in fish as it has a role in both nonspecific 
and specific immune responses. The lytic and bactericidal activities of complement in 
rainbow trout serum have been described by Sakai (1983; 1992). Both specific antibody-
dependant complement mediated haemolysis (classical pathway) and non-specific 
spontaneous haemolysis were examined in this study. lt is the generally held belief that the 
classical pathway of complement activation in fish requires antibody and complement from 
the same species of fish or from phylogenetically closely related fish species, Sakai ( 1981) 
and Matasuyama et al. (1988) report that mammalian antibodies are incompatible with fish 
complement and will not initiate complement-mediated immune haemolysis. With this in 
mind unsuccessful attempts were made to raise antibodies to SRBC in rainbow trout. The 
fish were immunised intraperitoneally and later boosted with SRBC, but antibody 
haemagglutination titres never rose above that of control fish. As a commercial rabbit 
haemolysin was available it was decided to use this for the assay of antibody-mediated 
complement activity in the serum of fish from this trial. This haemolysin was able to 
activate rainbow trout complement and has also been used successfully in similar assays of 
complement activity in other studies with trout (Woo and Thomas, 1991 ),and channel 
catfish (Li and Lovell, 1985). The results from this assay were very variable both for 
individual fish and at the different times when levels of activity were measured. This may 
have been due to a variation in the susceptibility of the SRBC to lysis as on some occasions 
haemolysis was higher across all groups and on others lower across all groups. There 
seemed to be a very general relationship between the size of the fish and the level of 
complement activity, with higher levels of activity in larger fish. The study did appear to 
show however, that as in the experiment conducted by Hardie et al. (1990) with Atlantic 
salmon, complement activity was compromised by vitamin E deficiency. This may be a 
reflection of a decrease in total serum proteins as total protein levels were also reduced in 
111 
these fish. Vitamin E is clearly essential for certain serum proteins but its role in 
complement synthesis and function is not understood. 
In conclusion these findings suggest that supplementation of diets for rainbow trout with 
vitamin E at levels above that currently recommended may not necessarily enhance the 
immune response. In most of these in vitro assays there did appear to be a correlation 
between vitamin E levels in the diets and levels of activity with the same pattern being seen 
in several assays, but the differences were not significant with respect to the level of 
vitamin E supplementation. Deficiency of vitamin E compromised the growth and health 
and most of the immunological parameters measured in these fish and resulted in 
mortalities. The assays may not have been sensitive enough to detect subtle differences in 
immunoenhancement induced by vitamin E especially considering the large individual 
variation seen between individual fish. As growth was affected by the particular tank that 
the fish were raised in, it is likely that this would also have affected the performance of the 
immune responses of the fish but it was not possible to see any differences however, 
because of the large variation already inherent in the results from the assays. It might have 
been better to use larger numbers of fish to increase the validity of the results but that would 
also have added to the difficulties because of the labour intensive nature of these assays and 
the problems encountered in dealing with a large number of samples at once. It is difficult 
to compare these results with others in this field because of the limited amount of work that 
has been done so far, also other vitamin E studies in fish show species variations and 
differences in experimental design, involving factors such as diet formulation, numbers and 
size of fish and differences in methodologies. 
112 
Chapter 4 
The effects of oxidised oil and vitamin E 
on nonspecific immune responses of 
rainbow trout 
Second Nutrition Trial 
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4.1. Introduction 
The preliminary experimental nutrition trial suggested that there is a relationship between 
the level of vitamin E in the diet and the growth, health and non-specific immune status of 
rainbow trout. Vitamin E requirements are affected both by the type and levels of lipids in 
the diet (Cowey et al., 1981,1983, 1984; Hung et al., 1981; Watanabe et a/.,1981; Waagb111 
et al.,1993). Typical diets of hatchery reared fish may contain high levels of polyunsaturated 
fats which can be particularly prone to oxidation during preparation and storage. High 
levels of these fats may lead to an increased requirement for vitamin E due to loss of the 
vitamin through the oxidation of these labile fats during diet preparation and storage and 
also to compensate for any detrimental effects induced by feeding a diet which contains 
products of lipid peroxidation to the fish. The feeding of rancid diets has been implicated 
in "Sekoke" disease in cultured carp in Japan, where the dried silk worm pupae is the main 
ingredient in the feedstuff. The main symptoms of the disease, which include, muscle 
dystrophy, loss of appetite, poor growth and high mortality were effectively prevented by 
the addition of DL a-tocopherol acetate to the diet (50mg/l OOg diet) (Hashimoto et al., 
1966). Feeding rainbow trout rancid diets, deficient in vitamins E and C, resulted in growth 
depression, microcytic anaemia and ceroidosis in the livers of these fish (Smith, 1979). The 
addition of vitamin E (115.5 IU kg·1 diet) and vitamin C (255mg. kg· 1 diet) again prevented 
these symptoms. These symptoms are those typically associated with vitamin E deficiency 
(Woodall et al., 1964; Poston et al. ,1976; Tacon, 1991) rather than vitamin C deficiency 
(Tacon, 1991) which suggests that the vitamin E had a more important role in their 
prevention than vitamin C. Hung et al. (1980,1981) conducted two experiments 
investigating the relationship between oxidised oil and a-tocopherol supplementation in the 
diets of rainbow trout. In the earlier experiment the inclusion of slightly or moderately 
oxidised oil (peroxide values 25 or 50.5 mmol. kg: 1 lipid) to diets supplemented with 
vitamin E (33, 66 or 99 IU kg· 1 diet) had no effect on growth, mortality, haematocrit or 
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haematocrit or GSH-Px activity. The only effect of vitamin E supplementation was on the 
a-tocopherol concentration in the livers of the fish. In the second experiment where the 
oil was highly or extremely oxidised (120 or 314 meq. kg:' lipid), again growth and 
GSH-Px activity was unaffected by vitamin E supplementation but this time mortality, 
erythrocyte fragility and liver a-tocopherol levels were all affected by the addition of highly 
oxidised oil and vitamin E supplementation (0 or 33mg. kg:1 diet) but not by 
supplementation with the synthetic antioxidant ethoxyquin ( 0 or 125mg. kg:' diet). The 
same fish were used to study the effects of these diets on serum biochemistry, haematology 
and histopathology (Moccia et al., 1984). Groups fed highly or extremely oxidised oil 
without vitamin E supplementation, and with or without ethoxyquin supplementation, 
exhibited lower red blood cell nwnbers, haemoglobin content, haematocrit, and increased 
erythrocyte fragility. In addition these fish developed splenic haemosiderosis and hepatic 
ceroidosis. Ethoxyquin supplementation alone was able to exert partial protection against 
the effects of highly oxidised oil but did not increase the level of protection when added 
simultaneously with DL-a-tocopherol. This supports the theory of a general antioxidant 
function for vitamin E. In contrast, in an experiment in which rainbow trout, at natural, 
varying water temperatures ( 6-l2°C), were fed diets containing fresh or moderately oxidised 
oil (2 or 47 mmol kg:' lipid), vitamin E supplementation (33mg. kg! diet), but not oil 
quality, affected growth rate, mortality, haematocrit, erythrocyte fragility, liver and muscle 
a-tocopherol concentrations and lipid peroxidation of liver mitochondria in vitro (Cowey 
et al., 1984). Severe muscle damage occurred in all trout fed diets unsupplemented with 
vitamin E. This suggests that at these lower water temperatures there is an increased 
vitamin E requirement, as the previously mentioned experiments were all carried out at 
higher temperatures. 
Murai and Andrews (1974) fed diets containing different levels of highly oxidised 
menhaden oil (0, 10 or lOOg. kg:' diet), a-tocopherol (0, 25 or lOO mg. kg'. diet), and 
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ethoxyquin (0 or 125 mg. kg:• diet) to channel catfish. Fish fed diets containing oxidised 
menhaden oil without vitamin E supplementation exhibited poor growth, food conversion, 
survival rates, exudative diathesis, muscular dystrophy, depigmentation, fatty livers, 
anaemia, and pronounced histological changes to kidney and pancreatic tissues . These 
symptoms were improved by the addition of either a-tocopherol or ethoxyquin but statistical 
analysis showed that there was a difference in effect. The addition of a-tocopherol had a 
strong effect on all symptoms, but the addition of ethoxyquin alone had no effect on 
haematocrit levels and the incidence of muscular dystrophy. 
The effects of dietary oxidised oil and vitamin E supplementation on the immune system 
have been investigated in turbot Scophthalmus maximus (Obach and Baudin-Laurencin, 
1992) and sea bass Dicentrarchus labrax (Obach et al., 1993). Turbot were fed a standard 
commercial diet or the same basal food containing oxidised fish oil, vitamin E deficient and 
poorly supplemented with vitamin C. After nine months the head kidney phagocyte 
chemiluminescence (CL) response to zymosan was lower in the fish fed the diet containing 
oxidised oil and mortality rates of fish experimentally infected with Vibrio anguillarum 
were higher in this group. Antibody response to V anguillarum vaccine was unaffected by 
dietary treatment. The parallel experiments with sea bass fed diets containing oxidised oil 
(14.7-1 5.4 or 274-286 mEq. kg:1 lipid) and supplemented with vitamin Eat varying levels 
(0, 40 or 300 mg kg·• diet) produced a similar result. Plasma lysozyme levels and head 
kidney phagocyte CL response to zymosan were lower in fish fed diets containing oxidised 
oil or not supplemented with vitamin E and complement activity was higher in the fish fed 
the diet containing fresh oil and 300 mg. vitamin E kg: 1• Resistance to experimental 
infection with V anguillarwn, antibody response to V anguillarum antigen and haemolytic 
activity of serum were unaffected by dietary treatment. 
No published reports exist into the effects of dietary oxidised oil and vitamin E 
supplementation on the immune functions of rainbow tout. This second trial was 
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undertaken therefore in order to investigate the effects of feeding different dietary levels of 
vitamin E in conjunction with different qualities of oil on the immune response of rainbow 
trout. It was decided to again evaluate, in addition to growth and haematological factors, 
various parameters of the non specific immune response to assess if the feeding of oxidised 
oil had any effect on these parameters and to see if the level of vitamin E in the diet had any 
modulating effect on any differences induced. Alternative techniques to those employed in 
the first trial were used for some of the assays in order to try and improve their sensitivity, 
resolution and interpretation, the details are described in the relevant section 
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4.2. Materials and methods 
4.2.1. Experimental protocol 
Rainbow trout were randomly separated into six groups and assigned to one of six tanks, 
each containing either 37 or 39 fish. Each group of fish was fed a different diet prepared 
in a 2 X 3 factorial manner with either fresh or oxidised oil and with one of three levels of 
vitamin E supplementation 20, lOO or 500 mg kg·' diet. 
Fish were weighed individually before starting the experimental diets , after 10 weeks and 
finally at the end of the trial to compare weight changes. They were weighed in groups 
biweekly to assess mean growth rates and to adjust feeding levels. Fish were then replaced 
in the adjoining tank from which they were taken so that each group was rotated throughout 
the tank system over the course of the trial to alleviate any tank effects. 
Fish were sampled after five weeks on the experimental diets and again at the end of the trial 
for analysis of haematological and immunological parameters. Table 4.1 shows the 
experimental protocol. 
Table 4.1. 
Experimental protocol for second nutrition trial 
Parameters measured 
1. Growth rates 
2. Liver vitan1in E levels 
3. Hepatosomatic index 
Sampling times 
Biweekly throughout trial 
Livers sampled at weeks 18-20" 
Livers sampled from weeks I 0 & 18-20" 
4. Histology of liver, spleen and heart Tissues sampled from weeks 18-20" 
5. Haematocrit 
6. Leucocrit 
7. Blood smears 
8. Erythrocyte fragility 
9. Total serum protein and globulin 
I 0. Phagocytosis 
!!.Serum lysozyme levels 
Weeks 5 & 18-20" 
Weeks 18-20" 
Weeks 18-20" 
Weeks 5 & 18-20" 
Weeks 18-20" 
Weeks 18-20" 
Weeks 18-20" 
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Parameters measured 
12.Complement activity CH50 
!).Spontaneous haemolysis 
Sampling times 
Weeks S & 18-20• 
Weeks S & 18-20• 
• data from two successive sampling points combined 
4.2.2. Experimental animals 
Rainbow trout Salmo gairdneri Richardson, mean weight 30 grams were obtained from 
Ermington Trout Farm, Ermington, Devon. The fish were acclimatised for two weeks, 
during which time they were fed on commercial trout pellets (Trow Aquaculture Ltd.). They 
were then weighed individually, graded and distributed into their experimental groups. At 
the beginning of the experiment the mean weight of the fish had increased to SO g .. They 
were maintained in the same recirculating system, under the same conditions as described 
previously (Chapter 3, section 3.2.2). 
4.2.3. Diets and feeding 
Diets, comparable with commercial diets, were formulated and prepared as described 
previously (chapter 3, section 3.2.3.) with some modifications as shown in Table 4.2. 
Vitamin and mineral premixes were prepared as described earlier (chapter 3, section 3.2.3.). 
The oil incorporated in the diets was either fresh or oxidised oil (oxidised oil prepared as 
described below) and at one of three different levels of vitamin E respectively, 
I. Low level supplementation 
2. Recommended level 
3. Super supplemented 
vitamin E 
20 mg kg·1 diet 
100 mg kg· 1 diet 
500 mg kg·1 diet 
fresh oil oxidised oil 
Group F20 Group OX20 
Group FlOO Group OX lOO 
Group FSOO Group OXSOO 
The fish were weighed biweekly to determine feeding levels and fish were fed on the diets 
at a rate of2% body weight per day for the first 6 weeks and latterly at a rate of 1.6% body 
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weight per day, divided into two feeds per day, for a period of20 weeks. 
In order to prepare rancid test diets, fish oil, unsupplemented with vitamin E, was oxidised 
by the constant bubbling of air, via an air stone, through the oil, at room temperature for 14 
days. Oil thiobarbituric acid reactive substances (TSARS) were quantified by determination 
of equivalents of lipid peroxidation product , malondialdehyde (MDA). according to the 
procedure described by Baker and Davies (1996), based on the method of Kombrust and 
Mavis (1980) as described later (section 4.2.4.). Values for fresh and oxidised oils were 
found to be 2.047±0.207(s.e.) nmol MDA equivalents kg-1 oil and 26.421±1.061(s.e.) nmol 
MDA equivalents g-1 oil, respectively. Vitamin E was provided in the form ofRovimix E-
50 SD (Hoffman La Roche, Base!, Switzerland) to provide a/1-rac-a-tocopheryl acetate 
levels of 20, I 00 or 500 mg. kg.- 1 diet. 
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Table 4.2. 
Composition of basal diet 
F20 FlOO FSOO OX20 OX lOO oxsoo 
%dry %dry %dry %dry %dry %dry 
wt. wt. wt. wt. Wt. wt. 
Chilean fish meal 46.15 46.15 46.15 46.15 46.15 46.15 
Meat and bone meal 10.00 10.00 10.00 10.00 10.00 10.00 
Blood meal 5.00 5.00 5.00 5.00 5.00 5.00 
Brewers yeast 2.00 2.00 2.00 2.00 2.00 2.00 
Wheat feed 21.84 21.82 21.74 21.84 21.82 21.74 
Mineral premix 2.00 2.00 2.00 2.00 2.00 2.00 
Vitamin premix 1 W.S. 1 3.50 3.50 3.50 3.50 3.50 3.50 
Vitamin premix 2 F.S. 1 0.50 0.50 0.50 0.50 0.50 0.50 
Inositol 0.04 0.04 0.04 0.04 0.04 0.04 
Choline chloride 0.30 0.30 0.30 0.30 0.30 0.30 
Vitamin C 0.67 0.67 0.67 0.67 0.67 0.67 
Marine oil fresh 8.00 8.00 8.00 
Marine oil oxidised 8.00 8.00 8.00 
Vitamin E Rovimix 50% 2 0.004 0.02 0.10 0.004 0.02 0.10 
Total 100.00 100.00 100.00 100.00 100.00 100.00 
1 Vitamin premixes as shown in Tables 3.2.2 and 3.2.3. 
2 Vitamin E 0.004% equivalent to 20 mg. al/-rac-a-tocopheryl acetate kg·1 diet 
0.02% equivalent to lOO.mg. al/-rac-a-tocopheryl acetate kg· 1 diet 
0.10% equivalent to 500 mg. al/-rac-a-tocopheryl acetate kg· 1 diet 
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4.2.4. Analysis of degree of peroxidation of marine oils 
Tris-maleate buffer (900 J.Li. 80 mM, pH 7.4) and LOOJ.Ll aliquot of oil solution (in 2:1 
chlorofonn/methanol) or chlorofonn/ methanol for the reagent blanks, was added to screw-
capped glass tubes. Two m!. of TBA reagent (150 g. TCA 1·1, 3. 75 g. thiobarbituric acid 
(TA) 1-1, dissolved in 0.25 M HCl) was added to each tube, the tubes placed in a boiling 
water-bath for 15 min., and the colour intensity of the MDA-TA adduct was measured 
spectrophomerically at 535 nm (Yagi, 1984). Values were calculated by the method of 
Beuge and Aust ( 1978) and expressed as nmol MDA equivalents per mg. tissue using; 
EMDA = 1.56 X 10 5 moles per cm. 
(This procedure was carried out by Dr Remi Baker at the University of Plymouth). 
4.2.5. Analysis of alpha-tocopherol (vitamin E) levels in the diets using 
high performance liquid chromatography (HPLC) 
Analyses were carried out as described previously (chapter 3, section 3.2.4.). 
4.2.6. Assay of a.-tocopherol concentration in livers 
Analyses were carried out as described previously (chapter 3, section 3.2.5.). 
4.2.7. Hepatosomatic index 
Liver weight was presented as a percentage of total body weight. 
4.2.8. Histology 
Tissue samples from liver, spleen and heart were frozen by immersion in liquid nitrogen. 
The tissue was then placed in the chuck of a Reichert Jung 2700 Frigocut. The chuck was 
maintained at-30°C while sections were cut at 15 J.Lm. Sections were mounted on clean glass 
slides and examined without staining. 
Liver sections and whole livers were examined at X 100 magnification under an Olympus 
BH microscope with EPI fluorescence, with a dichroic beam splitter and a 435 barrier filter, 
using either ultra violet or blue excitation. The green fluorescence observed with the blue 
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excitation was brighter than the yellow fluorescence observed under the ultraviolet 
excitation so this was used for the fluorescence deterrninations. The trinocular head of the 
microscope had, on the vertical port, a low light level Fujitsu General CCD video camera. 
Images were imported into a Quantimet 570 image analyser ( previously known as 
Cambridge). The image was digitised, by averaging 4 images to reduce camera noise, as a 
512 X 512 pixel image of up to 256 grey levels. Measure grey was then used to obtain grey 
values for the images which were recorded on disc. The colours of each liver were 
measured six times, this was deemed sufficient as variation between repeated images was 
very low. Thick sections (5-6mm.) cut from whole livers showed no difference in 
fluorescence values from those from the outer surface of whole livers, so it was deemed 
satisfactory to use the latter simpler method. At X 100 magnification all levels of 
fluorescence were within the range of the image analyser; fluorescence from other 
autofluorescent tissue including collagen fibres was excluded and the field of view was 
larger (0.254mm.2). Magnification at over X100 resulted in fluorescence so intense, in some 
samples, that detail was obscured, however, other materials, with the exception of collagen 
fibres, still did not fluoresce. 
4.2.9. Haematological procedures 
Two samples of blood were collected from the caudal vein of the fish into 2 m!. syringes, 
the frrst sample into a syringe, previously flushed with sodium heparin lmg. ml:1 PBS, and 
the second sample into a syringe without heparin. The first sample was used for blood 
smears, phagocytosis assays, to determine haematocrit, leucocrit and erythrocyte fragility 
and the second sample was allowed to clot at room temperature for 3-4 hours after which 
time the serum was separated by centrifugation at I O,OOOg. for 5 minutes for use in the 
serum assays. The serum was either used right away or stored at -70"C until assayed. 
4.2.9.1. Haematocrit 
This assay was carried out as described previously (chapter 3, section 3.2.10.1.). 
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4.2.9.2. Leucocrit 
The leucocyte cell layer in the haematocrit tubes was measured using a Quantimet 570 
Image Analyser and presented as a percentage of the total blood volume in the tube. 
4.2.9.3. Blood smears 
Blood smears were air dried, fixed in methanol for 5 minutes, stained with Giemsa 
(Appendix I) for 5 minutes, rinsed with water, air dried and examined under a light 
microscope. 
4.2.9.4. Erythrocyte fragility 
This assay was carried out as described previously (chapter 3, section 3.2.10.2.). 
4.2.9.5. Total serum protein 
This assay was carried out as described previously (chapter 3, section 3.2.8.). 
4.2.9.6. Total serum globulin 
This assay was carried out as described previously (chapter 3, section 3.2.9.). 
4.2.1 0. Immunological procedures 
4.2.10.1. Phagocytosis by peripheral blood leucocytes 
Approximately 500~-tl. of heparinised blood was centrifuged (500g X I 0 min.). The plasma 
was retained and the white cell buffY layer was removed and mixed with equal volumes of 
Leibovitz 15 (L 15) medium with I 0% newborn calf serum. I 00~-tl. of the suspension was 
placed on two glass slides previously cleaned with methanol. The slides were incubated in 
a moist atmosphere in petri dishes for one hour to allow the cells to adhere. Debris and non 
adherent cells were then washed off using LIS medium. A suspension of I 06 trypan blue 
stained killed yeast cells in 50~-tl. were mixed with 50~-tl. of homologous plasma and 400 ~-tl. 
ofL15 medium and 100 ~-tl of the yeast cell suspension was added to the appropriate slides. 
The yeast suspension was left on the slides for one hour to allow phagocytosis to take place, 
the slides were then washed with PBS, fixed in methanol for 5 min. and stained with 
Giemsa for 5 min. Slides were examined under a microscope and at least 200 cells per fish 
124 
counted to determine the phagocytic capacity and phagocytic index. 
4.2.10.2.1. Serum lysozyme lysoplate (method 1). 
This assay, which is based on the method ofOsserman and Lawlor (1966) ,was carried out 
according to the method of Lie et a/.(1986) with some modification. 15mls of 1% (w/v) 
agarose gel in O.OSM sodium phosphate buffer pH 6.2 (Appendix 1), was prepared 
containing SOJ.lg. ml:1 Micrococcus lysodeikticus (Sigma). Initial quantities and 
concentrations were adjusted to allow for cooling of the gel to below 55°C before the 
addition of the Mlysodeikticus. The gel was poured onto 10 X 10 cm methanol cleaned 
glass plates and allowed to set. Two fold serial dilutions of hen egg white lysozyme 
(HEWL), (Sigma) at an original concentration of 1.6Jlg. ml: 1 were used as standards. The 
standards were stabilised in I% bovine serum albumin (BSA), (Sigma) dissolved in PBS. 
Sample wells of 3mm. diameter were cut in the agarose gels and standards and samples 
applied in 9J.1l. volumes. Plates were incubated in a moist atmosphere overnight at 20°C. 
Plates were washed in distilled water for 30 min; the gel was covered with one wet filter 
paper and then several dry filter papers and a weight was placed on top to draw the water 
out of the gel. The gel was then dried completely, until transparent, with a hair drier, it was 
then stained in 1.25% methyl violet solution for I min., transferred to Lugols iodine for IS 
seconds and destained in absolute alcohol until clear lysed zones appeared. The plates were 
then air dried and the diameters of the cleared zones measured. 
The concentration of lysozyme in the samples was then determined by reference to a 
standard curve compiled from the HEWL standards. The diameter of the cleared zones was 
deemed proportional to the log2 of lysozyme concentration between 0.1-I.6 Jlg ml- 1• 
4.2.10.2.2. Serum lysozyme lysoplate (method 2). 
lOOm!. of 1% agarose gel in PBS, containing 0.25mg. ml:1 Mlysodeikticus was prepared 
adjusting initial quantities and concentrations to allow for cooling of the gel to below 55°C 
before the addition of the Mlysodeikticus. The gel was poured into 20cm diameter petri 
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dishes and allowed to set. Serial two fold dilutions of HEWL in the range 0.1- 2mg. ml: 1, 
stabilised in I% BSA dissolved in PBS, were used as standards. The standards and samples 
were applied in 25,.d. volumes to 4mm. wells cut in the agarose gels. Gels were incubated 
overnight at 20"C. and the resulting zones of clearance measured using a graticule. The 
concentration of lysozyme in the samples was then determined by reference to a standard 
curve compiled from the HEWL standards. The diameter of the cleared zones was deemed 
proportional to the log2 of lysozyme concentration between 0.1-2.0 mg. ml: 1• 
4.2.10.3. Spontaneous haemolytic activity 
The level of spontaneous haemolytic activity in the serum was measured by the method 
described previously (chapter 3, section 3.2.11.4.3.). 
4.2.10.4. Complete haemolytic activity 
The level of complete haemolytic activity in the serum was measured by the method 
described previously (chapter 3, section 3.2.11.4.). 
4.2.11. Statistical analysis 
Levels of significant differences between means were tested by one way ANOV A, two 
factor ANOV A and Duncans multiple range test. Statistical significance was accepted at 
p<O.OS. 
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4.3 Results 
4.3.1. Diet and liver vitamin E levels 
Vitamin E levels in the diet reflected the level of supplementation and showed losses due 
to preparation and storage, which were correspondingly slightly greater, in the diets prepared 
with oxidised oil. The results are shown in Table 4.3. The significant differences, 
(P<0.05%), between the diets, were related to the level of supplementation only and not oil 
quality. Liver vitamin E levels were related to both the level of supplementation and the oil 
quality. The levels in groups F20 and OX20 were not significantly different. However at 
the higher levels of supplementation, the levels of vitamin E seen in the livers of the fish fed 
on the diets prepared with oxidised oil i.e. groups OX lOO and OXSOO were only 40% and 
34% respectively, of that seen the livers of the equivalent groups of fish fed on diets 
prepared with fresh oil i.e. Fl 00 and F500. These differences were significant for all groups 
(p<O.OS%). 
4.3.2. Growth rates and mortality 
The variation in mean growth weights over the course of the trial are shown in Figure 4.1. 
Differences in growth rates were apparent from early on in the trial, the fish fed the diets 
containing the oxidised oil had a lower increase in mean weights compared to the fish fed 
on the diets containing the fresh oil (Table 4.4). In the oxidised oil groups the fish on the 
lowest level of vitamin E (OX20) grew more slowly than both the groups on a higher level 
of supplementation (OXl 00 and OXSOO). ln the fresh oil groups initially there appeared to 
be no difference in growth rates but from ten weeks onwards the group on the lowest level 
of vitamin E supplementation (F20) began to grow more slowly than the groups on a higher 
level of vitamin E supplementation (F I 00 and F500). 
The level of vitamin E supplementation had a marked effect on mortality rates, the 
mortalities in the F20 and OX20 groups were much higher than in the groups on a higher 
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level of supplementation. Mortalities in the groups F500 and OX 500 were lower than in 
groups F100 and OX100. Mortality rates are shown in Table 4.5. and Figure 4.2. shows 
percentage survival over the course of the trial. 
4.3.3. Hepatosomatic index 
The fish in groups F20, OX20 and latterly group OX 100 had enlarged pale coloured livers 
when compared to the other groups. The mean hepatosomatic indices are shown in Table 
4.6. and Figure 4.3. The hepatosomatic indices of groups F20 and OX20 was around twice 
that of the other groups. The hepatosomatic indices in the fresh oil groups, at both 100mg. 
kg; 1 and 500mg. kg: 1 vitamin E supplementation, were very similar. In the oxidised oil 
groups however the hepatosomatic indices appeared to be related to the level of vitamin E 
supplementation; the mean hepatosomatic index of group OX I 00 was higher than group 
OX500 although not significantly different . 
4.3.4. Histology 
Histological examination of the liver, spleen and heart following cryostat sectioning showed 
no differences in the morphology of the tissues of the fish fed different diets. 
Autofluorescence was observed in the livers from groups F20, OX20 and OX100. The 
variation in fluorescence as influenced by diet is shown in Figures 4.4 and 4.5. Images 
represent digital images as captured by image analysis. The graphs represent frequency of 
greyscale values in captured images. Where 0 represents black and 255 represents white. 
Values between represent shades of grey. The position of the peak in relation to these values 
indicates the intensity of the fluorescence present. The fluorescent material was always 
spherical, globular deposits, fairly evenly sized at 5-25J.1m. diameter, indicating lipid. 
Measurement of the autofluorescence of the liver using the image analyser did reveal 
differences in the degree of fluorescence related to dietary treatment. Measurements taken 
from whole livers gave the most consistent results, those from the tissue sections were 
somewhat less reliable, due to the much smaller quantities of tissues being measured. The 
128 
level of auto fluorescence observed in whole liver and liver sections was closely correlated 
with dietary treatment. The highest level of auto fluorescence was seen in the livers from 
fish in group F20. A high level of auto fluorescence was also seen in the liver tissue from 
groups OX20 and OXlOO but it was slightly less intense than for F20. Livers from groups 
F I 00, F500 and OX500 showed no auto fluorescent tissue as measured by this method. 
Analysis of variance was undertaken on the results using the frequency of the presence of 
pixels at particular levels of greyscale (Table 4.7.). This resulted in extremely large sample 
numbers, which increased the sensitivity of the analysis to such an extent that the F values 
were well outside the normal range. Within group analysis produced values between 2363 
and 56891. This data when plotted (Figure 4.5.) appeared to be very similar so F values 
within this range were accepted as significant. A mean of the within group F values was 
then compared with between group F values. F values up to 10 times this were considered 
not significant and those above this as significant. No significant difference was seen 
between groups F20, OX20 and OX!OO, or between FIOO, F500 and OX500. However all 
of the first groups were significantly different from all of the latter groups. 
4.3.5. Total serum protein and globulin 
The total protein and globulin levels in the serum were only determined at the end of the 
trial. There was no significant difference between the total protein or total globulin levels 
in the serum from fish from any of the dietary groups. The results are shown in Figures 4.6. 
and 4.7. and Tables 4.8. and 4.9. 
4.3.6. Blood smears 
Plate 4.1. illustrates the differences observed in blood smears related to diet. No blood 
smears were prepared from the fish in group F20, as these were only prepared at the end of 
the trial by which time all the fish in this group were dead. There appeared to be a higher 
proportion of polychromatocytes or immature red blood cells in the blood smears from fish 
in group OX20 and to a lesser extent in group OX lOO compared to the blood smears from 
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the fish fed on the other diets. The immature red blood cells were characterised by 
hyperchromatic concentric nuclei, with a well-defined plasmalemma and basophilic 
cytoplasm. These cells were generally spherical in shape, but many appeared to be 
misshapen and damaged with crenellated outer cell membranes. Smudge cells or 
disintegrated erythrocytes were present in all smears examined but were considerably more 
abundant in the groups F20, OX20 and OX I 00. There also appeared to be a higher 
proportion of lymphocytes in these smears, but this is not borne out by the results of the 
leucocrit measurements so was probably due to a reduction in the number of erythrocytes 
present rather than an increase in the numbers of these cells. 
4.4. 7. Haematocrit 
These results are shown in Table 4.1 0. and plotted in Figure 4.8. There was no difference 
in the haematocrit values for the different dietary groups at 5 weeks, group F20 and OX lOO 
were slightly lower than the other groups but the difference was not statistically significant 
(Table 4.9.). However by the end of the trial the haematocrit values for the two groups on 
the lowest levels of vitamin E supplementation were significantly lower, (p<O.OS%), than 
all the other groups, with the exception of group OX I 00 which showed homology with 
group OX20. The group OXIOO was significantly higher, (p<O.OS%), than group F20 but 
significantly lower, (p<O.OS%), than Fl 00, FSOO and OXSOO which showed no significant 
difference between the groups (Figure 4.6.). The results which indicate that an increase in 
haematocrit values is correlated with an increase in vitamin E in the diet and reduced by the 
addition of oxidised oil to the diet when vitamin E supplementation is at the current 
recommended level. 
Two way ANOVA of the data revealed that the level of dietary vitamin E supplementation 
was a significant factor, but oil quality was not. However the interaction between the two 
factors was also significant. 
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4.3.8. Leucocrit 
Leucocrit values were only detennined at the end of the trial. There was no significant 
difference between the values for any dietary groups the mean values are shown in Table 
4.11. and plotted in Figure 4.9. 
4.3.9. Erythrocyte fragility 
After 5 weeks on the experimental diets there was no difference between the erythrocyte 
fragility levels in any of the dietary groups (Table 4.12. and Figure 4.1 0.). At the end of the 
trial, statistical one way analysis of the variance of the data indicated that at the 5% level, 
the only group showing a significant difference in erythrocyte fragility was group F20 in 
which erythrocyte fragility was significantly higher than in groups Fl 00, F500 and OX500, 
but all these groups showed homogeneity with groups OX20 and OXI 00. Two way 
ANOV A confinned that only the level of dietary vitamin E supplementation had any 
significant effect on the results. 
4.3.10. Lysozyme levels 
Two variations of lysoplate methods were used for measuring the lysozyme activity in the 
serum of the fish in this trial. Zones of lysis were very diffuse and difficult to visualise 
when the first method was used ( Lie et al., 1986). The second method which used 
unstained gels with a higher concentration of Micrococcus lysodiekticus, was much easier 
to see but as with the first trial, showed a large variation in results (Table 4.13., Figure 
4.11.). No significant differences between groups due to diet were seen. With the exception 
of the two groups on the lowest level of vitamin E supplementation there seemed to be a 
trend for lower lysozyme activity if the diet was prepared with oxidised oil, the level of 
vitamin E supplementation did not appear to be related to the level of serum lysozyme 
activity. 
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4.3.11. Spontaneous haemolysis 
After five weeks on the experimental diets there was no significant difference in levels of 
spontaneous haemolytic activity in the serum related to diet (Table 4.14., Figure 4.12.). 
However by the end of the trial it appeared that the levels of spontaneous haemolysis were 
correlated with both the level of vitamin E in the diet and also oil quality (Figure 4.12.). 
When the data was examined by one way ANOV A there was a statistically significant lower 
level of activity, (p<0.05%), in groups F20 and OX20 than in groups FIOO and F500 but 
all groups showed homogeneity with OX100 and OX500. Multiple factor analysis of 
variance revealed that both level of vitamin E supplementation and time had a significant 
interaction in the results of this assay, (P=<0.005) and (p=<O.OI) respectively. The 
differences due to time were related to the overall levels of haemolysis for all groups and 
probably occurred as the result of both differences in temperature and the different batches 
of SRBC used for this assay. This phenomenon was also seen in the assays of classical 
pathway complement activity. When the interaction for time was excluded from the analysis 
of variance, it showed that the lowest level of dietary vitamin E supplementation led to a 
significantly lower level of spontaneous haemolysis in the serum of the fish on those diets, 
compared to the fish on the higher levels of vitamin E supplementation. With the exception 
of the lowest level of vitamin E supplementation, mean spontaneous haemolysis was lower 
in the fish fed diets containing oxidised oil, but this difference was not significant. 
4.3.12. Classical complement pathway activity 
The results of this assay are shown in Table 4.15., Figure 4.13. shows a means plot of the 
results. Both oil quality and vitamin E levels in the diet had an effect on the mean levels of 
classical complement activity with a trend towards increased levels of activity correlating 
with increased levels of vitamin E in the diet, but the only statistically significant difference, 
(p<0.05%), was between groups F20 and F500. 
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4.3.13. Phagocytosis 
This assay was only undertaken at the end of the trial and it investigated the phagocytosis 
of killed yeast cells by peripheral blood leucocytes; both the percentage of glass adherent 
cells phagocytosing one or more yeast cells and the mean number of yeast cells ingested per 
phagocytic cell (the phagocytic index) were counted (Table 4.9., Figure 4.11 ). There was 
a lot of variation and the results were very similar for all groups but the peripheral 
leucocytes from groups F20 and OX 20 had higher mean phagocytic indices than the other 
groups but the difference was not statistically significant. Plate 4.2. shows typical examples 
of glass adherent cells phagocytosing killed yeast cells. 
Melanomacrophages like cells were present on many of the slides prepared for this assay 
(Plate 4.3.). They were not seen on every slide, but on most, and there seemed to be higher 
numbers on the slides prepared from the peripheral blood of fish in groups OX20 and 
OX lOO. Most of these cells were phagocytic and contained several yeast cells. They were 
characterised by a large number of black granules thought to be melanin, compared to the 
other phagocytes, they were mostly larger in size and they had distinctive larger and more 
lightly stained nuclei. It was not possible to quantify the numbers accurately because of the 
proportionally small numbers of these cells and also the varying total cell numbers adhering 
to the slides. 
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Diet 
mglkg 
Liver 
11g/ml 
Table 4.3 
Diet and liver vitamin E levels 
. F20 FlOO n 
7 18.40±3.13" 69.59±3.45b 
6 16.50±2.21 1 72.91±8.74. 
Data represent means ± s.e. 
n'= sample size/group 
F500 OX20 OX lOO 
359.58±35.39. 16.21±2.11 " 59.96±6.70b 
675.97±79.06. 13.75±2. 18" 29. 19±4.73b 
Values with different superscript letters are significantly different (p<0.05) 
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OX500 
331.04±48.84. 
231.76± 14.50d 
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Variation in mean body weight of rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E 
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Table 4.4. 
Initial and fmal mean weights of rainbow trout fed diets containing either fresh or oxidised oil supplemented with vitamin E 
20 mg vitamin E kg·' diet 100 mg vitamin E kg· ' diet 500 mg vitamin E kg·' diet 
F20 OX20 FlOO OXlOO FSOO oxsoo 
n mean se. n mean se n mean se n mean se n mean se n mean se 
initial 37 49.62 39 49.32 39 49.21 39 49.22 39 49.86 37 50.02 
weight (g) 
fmal I 185.17 5 82.05" 7.48 18 197.95b 15.72 IS 147.5o•b 14.37 19 194.61 c 20.07 17 153.80bc 14.03 
weight (g) 
%increase 110.10 70.32 153.65 114.51 155.64 96.66 
(week 16) 
n = no flsh per group 
Values with different superscript letters are significantly different (p<0.05) 
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Table 4.5. 
Variation in percentage mortality of rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E 
F20 FlOO F500 OX20 OXIOO OX500 
Total no. 37 39 39 39 39 37 
fish 
Mortalities 15 2 14 5 
%Mortality 40.54 7.69 2.56 35 .90 12.82 2.70 
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Table 4.6. 
Hepatosomatic indices of rainbow tput fed diets, containing either fresh or oxidised oil, 
supplemented with vitamin E 
n' F20 F100 F500 OX20 OX100 OX500 
WeeklO 6 1.22±0.08 1.51±0.13 1.15±0.10 1.34±0.05 1.27±0.11 1.37 ± 0.17 
Week 18-20 12 2.60±0.18' 1.27±0.60C 1.33±0.06.., 2.26±0.19" J.70±0. 12h 1.37 ± 0.07.., 
• Sample size/group 
Results are means ± s.e. Means with different superscript are significantly different (P< 0.05 %) 
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a) b) 
c) d) 
Figure 4.4 
Whole liver autofluorescence in rainbow trout fed diets, containing fresh or oxidised oil, 
supplemented with vitamin E 
a) F20, b) OX20, c) OXlOO, d) OXSOO 
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Variation in greyscale frequency range in livers from rainbow trout fed diets, 
containing fresh or oxidised oil, supplemented with vitamin E as measured by image 
analysis 
0 represents black, 255 represents white, and values between represent shades of grey. 
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Table 4.7 
Analysis of variance in fluorescence of liver from rainbow trout fed diets, containing 
either fresh or oxidised oil, supplemented with vitamin E 
within 
aroups F statistic between aroups F statistic f/within mean 
F20 30418.14 OX20 vs OX100 28698.16 1.29 
F100 56891.08 F20 vs OX20 52218.25 2.34 
F500 11102.73 F500 vs OX500 53219.94 2.38 
OX20 2363.43 F20 vs OX100 75985.50 3.40 
OX100 19829.55 F100 vs OX500 123603.55 5.53 
OX500 13390.09 F100 vs F500 239680.80 10.73 
F100 vs OX100 11479008.76 514.00 • 
Summary statistics OX100 vs OX500 13154528.78 589.03 . 
Mean 22332.50 OX20 vs F100 14762399.91 661 .03 * 
s.e. 7896.78 OX100 vs F500 154887 43.55 693.55 * 
Median 16609.82 OX20 vs OX500 16933081 .97 758.23 * 
s.d. 19343.09 F20 vs F100 16999825.09 761.21 * 
Minimum 2363.43 F20 vs OX500 19442462.10 870.59 * 
Maximum 56891 .08 OX20 vs F500 20283532.61 908.25 * 
F20 vs F500 23393907.95 1047.53 * 
* accepted as siqnificantlv different 
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Table 4.8. 
Serum protein concentration in rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E 
n F20 
Total serum 6 
protein 
mg/ml 
"sample size/group 
Results are means ± s.e. 
25.7 1 
±2. 14 
FIOO 
28.51 
±2.56 
Fl = supplemental vitamin E level factor; 
F2 =oil quality factor 
I = interaction F-1 xF-2 
NS: not significant 
Statistical 
FSOO OX20 OX lOO oxsoo significance 
27.31 25.00 29.39 3 1.80 Fl NS 
±2.75 ±0.36 ±2.94 ±3.29 F2 NS 
I NS 
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Figure 4.7. 
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Serum globulin concentration in rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E 
Table 4.9. 
Serum globulin concentration in rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E 
n· 1'20 FIOO FSOO OX20 
Total 
serum 
globulin 
6 9.73 9.12 7.10 9.30 
± 1.05 ± 1.47 ±0.93 ±2. 11 
•ssample size/group 
Results are means ± s.e. 
F 1 = supplemental vitamin E level factor; 
F2 =oil quality factor 
I = interaction F-lxF-2 
NS: not significant 
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OX lOO oxsoo 
10.04 9.33 
±1.76 ±2.50 
Statistical 
significance 
FI NS 
F2 NS 
I NS 
Plate 4.1 
a) Blood smear from rainbow trout from group OX20 showing polychromatocytes (pc) 
Scale bar= lO!J.m. 
b) Blood smear from rainbow trout fi:om group OX lOO, showing polychromatocytes (pc) and 
smudge cells(sc). Scale bar = 20~J.m. 
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c) Blood smear from rainbow trout from group FlOO. 
Scale bar= 2011m. 
d) Blood smear from rainbow trout from group FSOO. 
Scale bar = 2011m. 
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e) Blood smear from rainbow trout from group OX500. 
Scale bar= 20J..tn1. 
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Figure 4.8. 
Haematocrit values of blood from of rainbow tout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E 
Values represent means and se. of percentage packed red cell volume of groups 
Means with different superscript are significantly different (P<0.05%) 
Table 4.10. 
Haematocrit values of blood from rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E 
Week n' F20 
Hatmatocrit 5 6 19.08 
%prcv ± 1.24 
Haematocrit 18-20 11 6.32 
% prcv ± 1.11 " 
n' sample size/group 
%prcv= percentage packed red cell volume 
Results are means ± s.e. 
FtOO 
22.00 
± 1.80 
24.02 
±0.96° 
FSOO 
22.20 
± 1.63 
26.02 
±1.85" 
OX20 
21.00 
±2.45 
10.23 
±1.17ab 
OXJOO 
19.88 
±1.96 
14.36 
±1.81 b 
oxsoo 
22.83 
±1.68 
28.07 
±1.57° 
Means with different superscript are significantly different {P<0.05%) One way ANOV A by diet 
F I = supplemental vitamin E level factor; 
F2 = oi l quality factor; 
I = interaction F-lxF-2; 
NS: not significant; ... p~O .OO I 
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Statistical 
significance 
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Figure 4.9. 
Leucocrit values of blood from rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E (weeks 18-20) 
Values represent means and s.e. of each group. 
Table 4.11. 
Leucocrit values of blood from rainbow trout fed diets, containing either fresh or 
oxidised oil, supplemented with vitamin E (weeks 18-20) 
n F20 FIOO FSOO 
Leucocrit 11 1.90± 1.98±0.10 2.07±0.10 
%plv 0.17 
n" sample size/group 
Results are means ± s.e. 
%plv = percentage packed leucocyte volume 
Fl = supplemental vitamin E level factor; 
F2 = oil quality factor; 
l = interaction F-1 xF-2; 
NS: not significant 
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Statistical 
OX20 OX lOO oxsoo significance 
1.92± 1.70 2.32±0.14 1.98±0.14 F-1 NS 
F-2 NS 
1- NS 
Figure 4.10. 
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Percentage fragility of erythrocyte from rainbow trout fed diets, containing either fresh 
or oxidised oil, supplemented with vitamin E (weeks 18-20) 
Values represent means and s.e. of groups 
Means with different superscript are significantly different (P < 0. 05 %) 
Table 4.12. 
Percentage fragility of erythrocyte from rainbow trout fed diets, containing either fresh 
or oxidised oil, supplemented with vitamin E (weeks 18-20) 
Wtt n 
k 
Erythrocyte 5 5 
fragility 
% lysis 
Erytltrocyte 18- 12 
fragility 20 
% lysis 
n' sample size/group 
Results are means ± s.e. 
F20 FIOO 
12.71 ± 12.73± 
2.27 2.26 
46.62± 17.52± 
11 .061 4.35b 
Statistical 
FSOO OX20 OX lOO oxsoo sigoificanrt 
11.49± 14.53± 14.77± 12.79± F-1 NS 
2. 16 2.85 2.70 2.55 F-2 NS 1- NS 
17.52± 29.95± 27.86 ± 16.10± F-1 •• 
4.35b 9.17ab 8.561b 4.56b F-2 NS 
1- NS 
Means with different superscript are significantly different (P < 0.05%) One way ANOV A by diet 
%prcv= percentage packed red cell volume 
%plv = percentage packed leucocyte volume 
Fl = supplemental vitamin E level factor; 
F2 = oil quality factor; 
I = interaction F- lxF-2; 
NS: not significant; .. p!>O.Ol 
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Figure 4.11 
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Serum lysozyme activity in rainbow trout fed diets, containing either fresh or oxidised 
oil, supplemented with vitamin E (weeks 18-20) 
Values represent means and s,e. of groups 
Table 4.13. 
Serum lysozyme activity in rainbow trout fed diets, containing either fresh or oxidised 
oil, supplemented with vitamin E (weeks 18-20) 
n 
Lysozyme 12 
actil•ity 
(~IIEWUml) 
n' sample size/group 
Results are means ± s.e. 
F20 FIOO 
883 .625 586.25 
±345.22 ± 130.5 1 
F I = supplemental vitamin E level factor; 
F2 = oil quality factor; 
I = interaction F-1 X F-2; 
NS: not significant 
Statistical 
FSOO OX20 OX lOO oxsoo significance 
11 77.17 715.28 685.00 536.25 F1 NS 
±508.33 ±266.4 1 ±290.48 ±236.79 F2 NS 
I NS 
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Figure 4.12. Spontaneous haemolytic activity of serum from rainbow trout fed diets, 
containing either fresh or oxidised oil, supplemented with vitamin E (weeks 18-20) 
Values represent mean and s.e. oflog2 serum dilution causing complete spontaneous lysis of 
sheep red blood cells. 
Table 4.14 
Spontaneous haemolytic activity of serum from rainbow trout fed diets, containing either 
fresh or oxidised oil, supplemented with vitamin E 
* F20 FlOO FSOO OX20 OXlOO oxsoo n 
Slllog, 5 3.2 4.8 4.0 4.0 4.5 3.20 
serum diln ±0.49 ±1.36 ±1.26 ±1.09 ±2.06 ±0.80 
WeekS 
Slllog, 12 2.66 4.83 5.50 2.83 3.83 4.33 
serum diln ±0.45" ±0.72b ± 1.08b ±0.521 ±0.52'b ±0.54"b 
Week 18-20 
'Sample size/group 
Means with different superscripts are significantly different (P<0.05). One way ANOV A by diet 
F I = supplemental vitamin E level factor 
F2 = oil quality factor 
I = interaction F-1 xF-2 
NS: not significant; "ps0.05. 
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Statistical 
significance 
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Figure 4.13. 
Classical complement pathway activity of serum from rainbow trout fed diets, containing 
either fresh or oxidised oil, supplemented with vitamin E (weeks 18-20). 
Values represent means and s.e.of CH50 units for each group. 
Table 4.15. 
Classical complement pathway activity of serum from rainbow trout fed diets, containing 
either fresh or oxidised oil, supplemented with vitamin E 
. F20 F100 FSOO OX20 OX10 oxsoo n 
0 
Cnmplemrnt activity 12 17.33 36.07 50.12 22.73 36.27 40.14 
CH50 mJ·' ±5.58' ±4.56'b ±17.01 b ±6.28"b ±8.80'b ± 10.55ab Week 18-20 
·sample size/group 
Means with different superscripts are significantly different (P<0.05). One way ANOV A by diet 
F I = supplemental vitamin El eve I factor 
F2 = oil quality factor 
I = interaction F - I xF-2 
NS: not significant; "ps0.05 
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Statistical 
significance 
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Figure 4.14! 
Phagocytic activity of peripheral blood glass adherent cells from rainbow trout fed diets, 
containing either fresh or oxidised oil, supplemented with vitamin E (weeks 18-20) 
Values represent means and s.e. for each group 
Table 4.16. 
Phagocytic activity of peripheral blood glass adherent cells from rainbow trout fed diets, 
containing either fresh or oxidised oil, supplemented with vitamin E (weeks 18-20) 
11 F20 FlOO F500 OX20 OXlOO OX500 Statistical 
significance 
% Phagocytic cells 10 66.60 57.69 62. 13 69.42 53.63 47.70 Fl NS 
±6.0" ±4.5'b ±5.s•b ±3.5'b ±5.s•b ±9.9b F2 NS I NS 
Phagocytic index 10 2.6 1 2.60 2.85 2.55 2.42 3. 16 Fl NS 
±0.2"b ±0.31b ±0.2ab ±0.2ab ±0.2. ±0.4b F2 NS 
I NS 
'Sample size/group 
Means with different superscripts are significantly different (P<0.05). One way ANOV A by diet 
F I = supplemental vitamin E level factor 
F2 = oil quality factor 
I = interaction F-lxF-2 
NS: not significant 
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Plate 4.2. 
Glass adherent peripheral blood cells showing phagocytosis of stained killed yeast cells. 
Scale bar = 20Jlm. 
-
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Plate 4.3. 
Melanomacrophage like cells from rainbow trout from group OXlOO. 
Scale bar= 1 0J..lm. 
-
-
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4.4 Discussion 
Over the twenty week period of the trial both the oil quality and the level of vitamin E 
supplementation seemed to have had an effect on many of the parameters investigated. 
Growth rate seemed to be affected more by oil quality than the level of vitamin E 
supplementation. All groups on diets containing fresh oil, except latterly F20, showed higher 
growth rates than those on diets containing oxidised oil. This is probably due to a difference 
in palatability of the diets. The fish on the diets prepared with fresh oil may have eaten more 
readily and thus grew more quickly. The fact that growth rates of group F500 were lower than 
group Fl 00 despite the fact that the liver vitamin E levels were found to be higher seemed to 
confirm this. There was no apparent difference in feeding behaviour at the beginning of the 
trial however, and all groups were fed at the same rate. After some ten to twelve weeks on the 
diet groups F20 and OX20, and from about sixteen weeks group OX! 00, began to show some 
reluctance to feed. The slowing down of growth rate seen from ten weeks onwards in group 
F20 and from fourteen weeks onwards in group OX20 may have occurred due to suboptimal 
levels of vitamin E in these fish. This resulted in lethargy and reluctance to feed and 
consequently a fall in growth rate. This probably occurred earlier in group F20 than in group 
OX20 because the initial higher growth rate exhausted any residual store of vitamin E in these 
fish more quickly. 
The mortality rates of the fish seemed to be most affected by the level of vitamin E 
supplementation although there also seemed to be some interaction with the oil quality. 
Mortalities were much higher in groups F20 and OX20 than any of the other groups. In the 
first trial undertaken in this study, it took about twelve weeks for the fish to show any symptoms 
of vitamin E deficiency and it was at about this time that the mortalities began to occur in 
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group F20; in the OX20 group mortalities began slightly earlier at about ten weeks . Three 
deaths in the OX lOO group during the third week of the trial led to the mortality rates in these 
fish being higher than those in group F I 00. In the F I 00, OX I 00, FSOO and OXSOO groups the 
mortalities were very low and occurred earlier in the trial. This suggests that some factor other 
than diet, possibly stress, was the cause of the deaths, as it is unlikely that differences due to 
diet would have had this effect so soon. 
The fish in groups F20 and OX20 had lighter skin pigmentation and enlarged yellowish brown 
livers by week 18 of the trial. The fish in group OX lOO also had yellowish brown livers but the 
effect was less pronounced than in the groups on the lower levels of vitamin E supplementation. 
The condition, classified as liver lipoid degeneration or ceroidosis is associated with dietary 
vitamin E deficiency (Woodall et al., 1964; Poston et al., 1976; Hamre et al., 1994) or the 
feeding of rancid diets ( Smith, 1979; Roald et al., 1981; Moccia et al., 1984) and was first 
reported in fish by Plehn ( 1909) in Germany. It is thought to arise from the accumulation of 
ceroid a brown-yellow, acid fast pigment, which is related to the autoxidation of PUFF A's in 
the livers of the fish. Autofluorescent material identified as ceroid by Ziel-Nielson staining, 
accumulated in the hepatocytes from the livers of Atlantic salmon fed rancid diets (Roald et 
al,.I981) and diets low in vitamin E (Hamre et al., 1994). Lipofuschin is a metabolic product 
derived from the degeneration of cellular components such as mitochondria, through the process 
of lipid mitochondrial-peroxidation. (Chio et al., 1969; Agius and Agbede, 1984). Ceroid is 
a mixture of substances that represents a typical lipofuschin in an early stage of oxidation 
(Pearse, 1972). In animal tissues, the only materials expected to show a strong 
autofluorescence in unstained material are connective tissue (collagen, elastin) and lipofuschin 
(Pearse, 1972). In this experiment Ziel-Nielson staining of tissues was not carried out, as the 
fluorescent material was globular indicative of lipid and not connective tissue . 
The occurrence of this condition, which was also seen in the first trial, in the fish fed diets 
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without vitamin E supplementation, indicates that supplementation of 20mg vitamin E per 
kilogram of diet was still not enough to prevent this effect reoccurring in this second trial. The 
effect was not seen at all in the livers of the fish from group FlOO, which suggests that with 
fresh oil supplementation of 1 OOmg vitamin E per kg. of diet is sufficient to prevent the 
condition but with oxidised oil, a higher level of supplementation is necessary. 
The much increased hepatosomatic indices seen in some of the groups appeared to be closely 
related to the level of vitamin E supplementation and also affected by oil quality. In group 
OX500 the high level of vitamin E supplementation brought this group in line with F I 00 and 
F500 and prevented the increased hepatosomatic index seen in other groups fed diets containing 
oxidised oil. In group OX lOO the level of vitamin E supplementation moderated the effect to 
some extent, but was not able to prevent it. The cumulative effects of liver dysfunction and 
anaemia were cited as the cause of death in an investigation where rainbow trout were fed diets 
high in oxidised oil and low in vitamin E (Moccia et al., 1984). It is suggested that this was the 
most likely the cause of the mortalities seen in this trial. 
Low haematocrit values indicative of severe anaemia was again seen in fish fed diets with a low 
level of vitamin E supplementation or a moderate level and containing oxidised oil. The 
observed anaemia was characterised by a reduction in the number of mature erythrocytes, 
corresponding with an increase in the number of normal and degenerative polychromatocytes. 
This condition has also been described in rainbow trout (Woodall et a/.!964; Poston et 
al., 1976; Smith, 1979; Moccia et al., 1984; Frischknecht et a/,.!994 ), Atlantic salmon (Hamre 
et al., !994) and channel catfish (Murai and Andrews, 1974) fed diets containing oxidised oil 
and/or with low vitamin E supplementation. Hamre et al. {1994) speculated that in their trial 
with Atlantic salmon the microcytic anaemia seen in fish fed low levels of vitamin E may have 
resulted from a reduced mobilisation of iron for heme synthesis due to the more oxidised 
intracellular environment of the vitamin E deficient fish. Reduced erythropoiesis, related to 
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a reduced availability of iron, was reported as the cause of anaemia in vitamin E deficient 
monkeys (Fitch, et al. 1980). This does not however agree with the findings reported in the 
study by Moccia et a/.(1984) with rainbow trout where haemoglobin content per red blood cell 
was not reduced in anaemic fish compared to controls and anaemia was thought not to be 
caused or related to a decrease in haemoglobin synthesis. Erythrocyte fragility testing indicated 
that diets containing oxidised oil and low levels of vitamin E supplementation predisposed 
RBC's to lysis. A combination of a reduction in the normal mature RBC population, increased 
fragility of the polychromatocytes and inadequate replacement of cells was thought to have 
resulted in the development of the anaemic condition. Haemoglobin content ofRBC's from 
fish in this trial were not measured so it is difficult to say which theory was significant in the 
development of the anaemia in this case. 
Melanomacrophages observed on slides prepared to assay phagocytosis by glass adherent 
peripheral blood cells were also likely to be there in response to an increase in lipid 
peroxidation products. The origin of melanin containing cells in fish is poorly understood, but 
in starved fish the number of melanomacrophages increase (Agius and Agbede, 1984 ). Lipid 
peroxidation produces free radicals and cations which are potentially toxic. Melanin absorbs 
free radicals and has a strong affinity for cations and it is probable that these are neutralised by 
the melanin in the macrophages. In fish fed diets deficient in vitamin E and/or containing 
oxidised oil there would be an increase in the production of free radicals and the increase in 
melanomacrophage type cells seen in the blood of these fish was probably in response to this. 
Both the presence of these cells and the accumulation of ceroid in the liver of groups F20, 
OX20 and OX 100 point to increased tissue catabolism resulting in the formation of these 
pigments, in response to the poor diet. 
No previous report ofmelanomacrophage like cells in peripheral blood could be found, but the 
use of glass adherent cells from peripheral blood to assay phagocytosis is not a common 
practice and so these cells may not have been noticed before. No melanomacrophages could be 
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found in the smears prepared from peripheral blood. This may have been due to two factors, 
slides prepared for the phagocytosis assay contained only leucocytes and therefore there were 
much higher numbers of these cells than on the blood smears and also the different 
methodology employed may alter surface tension during smear preparation and this may have 
ruptured the larger, more fragile melanomacrophages. 
A large variation in lysozyme levels in individual fish was again seen in this trial, this has also 
been reported by others (Lindsay, 1986; Grinde et al., 1988b; Verlhac et al., 1996) for rainbow 
trout and makes the results rather difficult to interpret. Results are represented as Jlg HEWL 
activity. HEWL is the standard recommended for fish by Ellis (1990), however, Grinde et al. 
( 1988") stated that lysozyme from rainbow trout has a much higher rate of diffusion in agar than 
HEWL and therefore it is not suitable for use as a standard for measuring fish lysozyme activity. 
In this experiment the author wished to compare levels of activity, which might be related to 
dietary treatment and therefore although these results may not be relevant to other studies which 
have measured lysozyme activity they were still suitable for this purpose. Feeding sea bass diets 
containing oxidised oil and low levels of vitamin E did result in significantly lower levels of 
serum lysozyme activity (Obach et al., 1993). It was suggested that increased oxidation 
products, produced as the result offeeding these diets, might be inhibiting the enzymic activity 
ofthe lysozyme. 
Serum spontaneous haemolytic activity was decreased in fish fed diets with low vitamin E 
supplementation and although oil quality also appeared to have an effect this was not 
significant. In the experiment by Obach et al. ( 1993) with sea bass fed diets containing oxidised 
oil and varying levels of vitamin E supplementation this parameter was unaffected by diet. 
However they did report that, as in this trial, complement specific haemolytic activity was 
affected by diet. The effect that oxidised oil and vitamin E has on the complement system is 
not clear, total serum protein levels were not significantly affected by diet, so it is not clear if 
the synthesis of complement proteins is compromised. However, as most soluble plasma 
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complement proteins are synthesised in the liver and the membrane-bound control proteins, are 
synthesised in the cells on which they are expressed (Law and Reid, 1988), and as has already 
been seen, peroxidation has a significant effect on both liver function and on the phospholipids 
of cell membranes, the synthesis of complement proteins may be altered. 
The results for the phagocytosis assays although not conclusive appeared to indicate that in 
glass adherent peripheral blood leucocytes, phagocytic capacity was inversely related to the 
level of vitamin E supplementation, with the highest percentage of phagocytic cells being found 
in the cells from group OX20 and F20. This is in contradiction to other studies in which the 
luminol enhanced chemiluminescent response of zymosan-stimulated head kidney cells from 
turbot and sea bass was compromised by low dietary vitamin E levels and oxidised oil (Obach 
and Baudin Laurencin, 1992; Obach et al., 1993). The differences in species, sources of 
phagocytic cells and in methodology may account to some extent for this disparity and also 
these experimenters measured macrophage respiratory burst activity, rather than phagocytic 
capacity of the cells, so they are not entirely comparable. Thuvander et al. ( 1987) identified the 
phagocytic cells in rainbow trout blood by flow cytometry and electron microscopy as mainly 
neutrophils and monocytes. An experiment by Sovenyi and Kusuda (1987) comparing 
phagocytosis by macrophages and neutrophils from the head kidney of carp, indicated that the 
number of phagocytic cells and the number of SRBC phagocytosed was higher in the neutrophil 
cell population than in the macrophage cell population and that for blood cells to achieve 
optimum levels of phagocytosis several hours must be allowed for the incubation. Thus the 
optimum conditions for phagocytosis by head kidney cells compared to blood cells may be very 
different. Peroxidation products produced as the result of feeding diets with oxidised oil 
and/or low in vitamin E do appear to have a profound effect on cell membrane fluidity, which 
would affect all cell types, so that the trend found in this trial was not expected. The killed 
yeast cells were incubated in homologous plasma before being offered to the glass adherent 
cells and so this assay was also a measure of the opsonising capacity of the trout plasma. Both 
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antibody and complement are known to opsonise the uptake of particles by phagocytic cells ( 
Sakai, 1984a; Honda et al., 1986; Michel et al., 1990). As has already been shown complement 
levels were decreased rather than increased in these fish and so this could not account for the 
increased phagocytosis. Total serum globulin levels were unaffected by diet, which suggests 
that if the fish in this trial did possess natural antibodies to yeast cells, then these remained at 
the same levels whichever diet they were fed. 
Most of the published work on the effects of dietary oxidised oil and vitamin E in fish has 
concentrated on the effects of these factors on growth, feed conversion and histological and 
haematological aspects and very little work has been published on the effects of dietary 
oxidised oil and vitamin E on the immune response of fish. This work has thrown some light 
on these effects, but the picture is still far from clear. Although for many assays, significant 
differences due to diet were not found, as seen in the first trial the same trends and patterns of 
results occurred repeatedly, with both the level of vitamin E supplementation and the quality 
of the oil influencing the results. Extra supplementation with vitamin E appeared to overcome 
to some extent the deleterious effects of the oxidised oil. Fish in group OXSOO appeared to 
display similar levels of immunocompetence to fish in groups F1 00 and FSOO which were very 
similar. It seems therefore, that where the lipid content of fish diets may suffer some degree of 
oxidation, the requirement for vitamin E increases and that a high level of vitamin E 
supplementation is able to compensate to some extent for the oxidation of these lipids. At the 
lowest level of vitamin E supplementation in almost all cases the fish in group F20 performed 
worse than the fish in group OX20. This was probably because initially they grew more quickly 
and used up their reserves of stored vitamin E. Thus under these conditions, even when diets 
contain fresh oil, supplementation levels of above 20mg. vitamin E kg.'1 diet are required to 
prevent deficiency symptoms and deleterious effects on the non specific immune responses of 
rainbow trout and under conditions where dietary lipids are liable to oxidation then 
supplementation in excess of 1 OOmg. vitamin E kg.' 1 diet is required. 
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Chapter 5 
The effect of vitamin E on the specific 
immune response and resistance to Yersinia 
ruckeri infection of rainbow trout 
Third Nutrition trial 
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5.1. Introduction 
The relationship between the level of vitamin E in the diet and the growth, health and non-
specific immune status of rainbow trout has been established in the previous nutritional 
trials. Conflicting evidence of the relationship between dietary levels of vitamin E and the 
specific immune response and resistance to disease has been recognised in studies in a 
variety of fish species. 
Verhlac et al. (1991) found that the agglutinating antibody response to Yersinia ruckeri was 
enhanced in rainbow trout fed diets supplemented with vitamin E (45 or 450 mg. vitamin 
E kg:' diet), but in contrast, Furones et al. (1992) reported that antibody titres in response 
to immunisation or challenge with Y Ruckeri, in rainbow trout were unaffected by dietary 
vitamin E supplementation levels. However, fish fed diets supplemented with 806mg 
vitamin E kg·' diet did exhibit increased resistance to challenge with the pathogen, 
compared to fish fed diets with lower levels of supplementation. Blazer and Wolke (1984) 
found that rainbow trout fed diets deficient in vitamin E had reduced plaque forming cell 
responses and agglutinating antibody titres in response to antigenic exposure to either Y 
Ruckeri or SRBC. In other species of fish antibody responses to specific pathogens have 
largely been unaffected by dietary vitamin E supplementation. Dietary supplementation 
with vitamin E had no effect on antibody response or resistance to furunculosis caused by 
Aeromonas salmonicida in Atlantic salmon (Lall, 1988; Hardie, et al. 1990), or on the 
prevalence or severity of natural infection with Renibacterium salmoninarum in chinook 
salmon (Thorarinsson et al., 1994) and in channel catfish, agglutinating antibody titres to 
Edwardsiella ictaluri were similarly unaffected by dietary supplementation with vitamin 
E (Wise et al., 1993). 
Yersinia ruckeri is the causative agent of a septicaemic disease of salmonid fish known as 
enteric redmouth disease (ERM), which causes heavy losses in rainbow trout (Busch, 1983; 
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Austin and Austin, 1987). The pathological changes in fishes infected with Y ruckeri are 
typical of haemorrhagic septicaemia, and the majority of cases exhibit the characteristic 
reddening around the mouth and opercula in the later stages of the disease (Schlodfeldt and 
Alderman, 1995). The pathogenesis of the disease has been attributed to factors (reviewed 
by Toranzo and Barja, 1992) including the strongly toxic extracellular products (ECP) from 
Y Ruckeri (Romalde and Toranzo, 1993), the ability to circumvent the phagocytic defence 
mechanisms of fish (Stave et al., 1987) and the capacity to grow under iron limiting 
conditions (Romalde et al., 1991). 
A suitable strain of Y ruckeri and strongly positive antisera directed against it, produced 
during previous studies at this institution ( Grayson, 1986; Grayson et al., 1987; Furones, 
1990), was available, and this combined with the availability of a commercial vaccine to 
protect fish against ERM, led to the decision to use this specific pathogen to challenge the 
fish. 
The trial was undertaken in order to investigate the relationship between different dietary 
levels of vitamin E, antibody response and resistance to challenge with Yersinia ruckeri, 
in rainbow trout. The effects of diet and immunisation on complement in the serum of these 
fish were also compared, using three different methods to measure the levels and activity. 
These were, a novel assay based on an enzyme linked immunosorbent assay (ELISA) 
technique, which was especially developed for this trial, a new microtitre plate method and 
the method previously used in the first two trials (chapter 3, section 3.2.11.4.). 
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5.2. Materials and methods 
5.2.1. Experimental animals 
Rainbow trout Oncorhynchus mykiss, mean weight approximately 5-10 g. were obtained 
from Exe Valley Fisheries, Dulverton, Devon. The fish were acclimatised in the Western 
Aquarium at the University of Plymouth for four weeks, during which time they were fed 
on commercial rainbow trout pellets. They were then weighed in groups, graded and 
distributed into three tanks and fed the experimental diets. The mean weight of the fish at 
this stage was approximately 11 g. They were maintained in the same recirculating system, 
under the same conditions as described previously (chapter 3, section 3.2.2.) After two 
weeks the fish were weighed individually and separated according to size, the fish weighing 
less than 1 Og. were placed in separate tanks from those weighing over I Og. 
5.2.2. Experimental protocol 
All fish were weighed in groups biweekly to assess mean growth rates and to adjust feeding 
levels. Fish were replaced in the adjoining tank from which they were taken so that each 
group was rotated throughout the tank system over the course of the trial in order to alleviate 
any tank effects. 
Feeding levels were adjusted following weighing of the fish. Fish were fed on the diets at 
varying rates as shown in Table 5.1., divided into two feeds per day. 
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Table 5.1. 
Experimental protocol 
Week Protocol 
no 
-3 Fish arrived at aquarium 250 X = 5-l 0 g .. 
-I Fish graded by eye and distributed ~ 92 per tank 
0 Experiment began, feeding of experimental diets 
started. 
2 Fish weighed individually. Small fish (<I Og.) 
separated and allocated to separate tanks 
~ 
4 Fish weighed in groups of 5 
\ , 
6 Fish weighed in groups of 5 
8 Fish weighed in groups of 5 ~ 
10 Fish weighed in groups of 5 
12 Fish weighed in groups of 5 
/ 
14 Large and small fish from each dietary group mixed 
and divided into two groups. One group immunised 
with BSA I mg. ml:1, the other group immunised with 
ERM vaccine. Fish weighed in groups of 5. 
16 Fish weighed in groups of 5 
17 6 fish from each group moved to challenge aquarium 
18 Remaining fish in each group moved to challenge 
aquarium 
19 Peripheral blood samples taken from 6 fish per group 
19 Challenge Yruckeri 
23 Experiment concluded 
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Daily ration 
large fish small fish 
3% 
3% Ad 
libitum 
4% Ad 
libitum 
3.5% Ad 
libitum 
3.5% Ad 
libitum 
3% Ad 
libitum 
3% Ad 
libitum 
Daily ration 
2.5% 
1.6% 
At libertum 
At libertum 
At libertum 
5.2.3. Diets and feeding 
Diets comparable with commercial diets were formulated and prepared as described 
previously (chapter 3, section 3.2.3). Vitamin and mineral premixes were prepared as 
described previously (chapter 3, section 3.2.3). Vitamin E was provided in the form of 
Rovirnix E-50 SD (Hoffman La Roche, Base!, Switzerland) to provide a/1-rac-a.-tocopheryl 
acetate supplementation levels of 30, 1 SO or 750 mg. kg·1 diet. Wheat feed levels were 
adjusted to compensate for the addition of the different amounts of all-rac-a.-tocopheryl 
acetate to the diets. 
5.2.4. Analysis of alpha-tocopherol (vitamin E) levels in the diets using 
high performance liquid chromatography (HPLC) 
Analysis was carried out as described previously (chapter 3, section 3.2.4.). 
5.2.5. Immunisation of fish 
After 14 weeks of feeding the experimental diets, fish were bath immunised with either 
commercial ERM vaccine or BSA. Half the fish on each diet were immunised with ERM 
vaccine (serial no ERM097, the generous gift of Dr. P. Smith of Aquaculture Vaccines 
Ltd.). The vaccine was prepared as directed on the bottle by diluting 1:9 with aquarium tank 
water. Fish were totally immersed in the vaccine for 30 seconds, rinsed in tank water and 
returned to their tanks. The remaining fish on each diet were immersed in tank water 
containing BSA at a final concentration of 1mg ml·1 for 30 seconds, rinsed in tank water and 
returned to separate tanks. 
5.2.6. Determination of the challenge dose of Yersinia ruckeri lethal for 
50% of the recipients in rainbow trout (LD50) 
5.2.6.1. Preparation of bacteria 
Yersinia ruckeri, strain 12/6/PS, was taken from liquid nitrogen, and grown on tryptone soya 
agar (TSA) plates at 20° C for 3 days. A single colony was isolated from the plate and 
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grown in tryptone soya broth (TSB), with shaking, overnight, at 25°C. Cells were washed 
(3 X 10 m in X 1600g) in PBS and the concentration adjusted spectrophometrically using 
the formula shown previously (chapter 3, section 3.2.11.1.2.). Bacterial concentrations were 
confirmed by plating out suitable dilutions on TSA plates. 
5.2.6.2. LD50 challenge 
Control fish were maintained in lOO litre tanks, fitted with Eheim filters and maintained at 
ambient temperature (l8-20"C). Groups of 6 control fish were injected intraperitoneally 
(ip) with either, 103, 10\ 105 or l 06 bacteria suspended in PBS in a total volume of 0.1 m!. 
There were no mortalities amongst the groups of 6 fish challenged with either I 03, I 04 or 
105 CFUs fish· 1, but 2 mortalities occurred in the group challenged with l 06 bacteria; one 
fish died 3 days post challenge and a second fish 9 days post challenge. Insufficient fish 
were available to repeat the challenge using higher doses of the original bacteria so bacteria 
were isolated from the kidney of the first fish that died. These bacteria were grown up, 
prepared and the concentration adjusted as described previously and 6 more fish were 
challenged with a dose of 107 CFU fisl1 in a total volume of 0.1 m!. Bacterial 
concentrations were again confirmed by plating out suitable dilutions on TSA plates. Three 
fish died two days post challenge and two fish three days post challenge. The LD50 was 
calculated according to the method of Reed and Meunch (193 8), using the pooled results 
and was found to be 2.34xl07 CFU (Table 5.3.). 
An adjustment was made to the results of the LD50 calculation as these bacteria used for the 
highest challenge dose had been further passaged, therefore increasing their virulence, so 
that the challenge bacteria came from two different populations. The LD50 for the second 
population of bacteria was estimated to be lower than that calculated taking into account the 
increased virulence due to the further passage of the bacteria and the challenge dose used 
for the experimental fish was I X l 06 CFUs fish. The values for both the 
spectrophotometrically estimated numbers of bacteria and the number detected by viable 
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count were always very similar. 
Table 5.2. 
Estimation of the 50% end point in the LD50 challenge experiment 
Cumulative Values 
Dose of No. of No. of No. of No. Fish Ratio 
bacteria Fish Fish Fish Dead Alive Dead/ 
(CFU/cm-3) Dead Alive 
108 5 7 
I 07 2 4 2 5 
106 0 6 0 11 
105 0 6 0 17 
104 0 6 0 23 
The 50% end point can be calculated using the formula: 
A-50 I gD 
--X 0 
A-B 
where A= lowest concentration giving greater than 50% mortality, 
B= highest concentration giving less than 50% mortality. 
D= dilution factor 
In this case: 
which equals: 
therefore the 50% end point is: 
62.50-50 
---- x log!O 
62.50-28.57 
12
·
50 
X I= 0.368 
33.93 
107J6s CFU 
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Alive 
5/8 
2/7 
0/11 
0/17 
0/23 
% 
Dead 
62.50 
28.57 
0 
0 
0 
or 
2.34xl07 CFU 
5.2.7. Challenge of experimental fish with Yersinia ruckeri 
Before being challenged with the pathogen, the fish on the experimental diets were moved 
from the experimental aquarium to the challenge aquarium at the University of Plymouth. 
Fish were maintained in 400 litre plastic tanks, fitted with Eheim recirculating filter systems. 
The temperature was maintained at 18°C and the photoperiod was set on a 12 hours light/12 
hours dark cycle using fluorescent lighting. Fish were acclimatised for 5 days, following 
which peripheral blood samples were taken, as described below, from 6 fish from each 
group. The following day all fish were injected ip. with a dose of 106 CFU fish- 1 which had 
been isolated from the kidney of the first mortality in the first LD50 challenge, prepared as 
described above. Mortalities were recorded, and faecal swabs and kidneys from the dead 
fish were tested for the presence of Y Ruckeri, using API 20E identification kits 
(BiobMerieux, France.). 
5.2.8. Collection of blood and preparation of serum 
Blood was collected, into 2ml syringes, from the caudal vein of the surviving LD50 fish, 
before they were sacrificed, 3 weeks after the challenge. Serum was separated as previously 
described, and stored at -70°C. A sample of blood was collected, into 2ml syringes, from 
the caudal vein of 6 experimental fish from each dietary group, on the day before the 
challenge with Y ruckeri and serum separated and stored at -70°C as previously described 
(chapter 3, section 3.2.10.). 
5.2.9. Antibody response to Yersinia ruckeri measured by ELISA 
5.2.9.1. Sonicated bacterial extracts 
Serum antibody responses to Y Ruckeri were measured using a sandwich ELISA technique 
a modification of the method of Furones (1990). A sonicate of bacteria for use as the 
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capture antigen was prepared as follows .. Strain 12/6/PS was taken from liquid nitrogen and 
grown up on TSA plates for 2 days at 20°C. A single colony was subcultured into TS broth 
and grown up overnight at 20°C with shaking. The suspension was washed by 
centrifugation in PBS (2 X 20min. at 3000rpm.) and the pellet resuspended in 3ml ofPBS. 
The bacterial suspension was then disrupted by sonication ( W-385 Ultrasonic Processor, 
Heat Systems, Ultrasonics) on ice (S sec. cycle, SO% duty cycle for 10 min.) and protein 
concentration of the sonicate was determined using a Bradford assay kit (Sigma). The 
concentration was adjusted to 41lg. ml:' with carbonate bicarbonate coating buffer 
(Appendix D) for use in the assay . 
5.2.9.2. Production of rabbit antiserum to rainbow trout IgM 
Rabbit anti rainbow trout IgM antibodies were available from a stock previously prepared 
in the department of Biological Sciences, by the following method. Rainbow trout IgM was 
purified from the serum of fish immunised i.p. with S mg. HGG emulsified in Freunds 
incomplete adjuvant. Serum was separated by gel filtration chromatography on a ACA-22 
column (LKB, Bromma, Sweden). Fractions were tested by ELISA for anti HGG activity, 
protein concentration was measured and the reactive fractions were pooled and dialysed 
against 200mM Tris saline, pH 7.5 to remove azide. The second separation step was 
performed by anion exchange chromatography using a 0.5 M sodium acetate stepped 
gradient at room temperature (Burgess, 1988; Grayson et al., 1991; Lavelle, 1994). A 
mono-Q HRS/5 column was connected to a fast Protein Liquid Chromatography system 
(Pharmacia, Milton Keynes, UK). Fractions were monitored at 280nm (UV -1, pharmacia) 
and peaks collected (Frac-1 00, Pharmacia). Fractions were again assessed for anti-HGG 
activity by indirect ELISA, reactive fractions were pooled and 20011g of the resultant protein 
administered sub-cutaneously (se) to Dutch rabbits. After 24 days the rabbits were given 
a booster injection of ISOilg. of the protein and three weeks later blood samples were taken 
and tested by immunoelectrophoresis (Hudson and Hay, 1988) against rainbow trout IgM 
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(anti HGG reactive fractions from the column as described above). The precipitin band after 
being excised and homogenised in 1.5 cm. 3, pH 7.2 was used to immunise the rabbits five 
weeks after the first booster immunisation. The animal was re-immunised 6 months later as 
described above and bled 8 months after the final injection. 
5.2.9.3. Enzyme-linked immunosorbent assay (ELISA) 
All reagents used for this technique were as outlined in Appendix D. Solutions of the 
sonicated antigen (I OOf.ll.) were added to each well of a 96 well microtitre plates (Falcon) 
and plates were wrapped in foil and incubated in a humid box, overnight, at 4°C. Solutions 
were aspirated and wells washed X 4 with PBS containing 0.1% Tween (PBST) by means 
of a Titertrek Handiwash 110 plate washer (Labsystems, U.K.) and excess solution was 
removed onto absorbent paper. Non specific binding sites were blocked by incubating the 
plate with 0.5% Tween (Sigma) in PBS (I OOfll per well) for 30rnin. at ambient temperature. 
Plates were aspirated, washed and dried as described above and triplicate serum samples 
diluted I: I 00 in PBST added to the wells in I OOfll. volumes. Normal rainbow trout serum 
and a previously tested positive rainbow trout serum were diluted in the same way and used 
as controls. Plates were wrapped in foil and incubated in a humid box for 2 hours at 37°C 
after which they were aspirated, washed and dried as described above and IOOfll of rabbit 
anti-rainbow trout 1g. diluted 1:1000 in PBST, was added to each well and the plate was 
incubated as before at 37°C for 1 hour. Following this plates were aspirated, washed and 
dried as described above and 100fll. of conjugate (swine anti rabbit (Ig) - peroxidase 
conjugate (Dako), diluted 1:1000 in PBST, was added to each well and the plate was 
incubated as before at 37°C for a further I hour. The plate was aspirated, washed and dried 
as described above and l OOfll. of OPD chromogen was added to each well. The reaction 
was stopped, when the colour of the positive control had developed, by the addition of 50fll 
of l M sulphuric acid to each well. The absorbance values were read at 492nm using an 
automated ELISA plate reader (Labsystems, U.K.). Sample values were calculated as 
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follows: 
absorbance test serum Ratio-------------
absorbance normal trout serum 
A ratio value equal or greater than 2 was considered positive. 
5.2.10. Antibody response to bovine serum albumin measured by ELISA 
Serum antibody responses to bovine serum albumin were measured using a sandwich 
ELISA technique in 96 well, flat bottomed microtitre plates (Falcon). Plates were coated 
with a solution of 1Jlg. ml:1 BSA in carbonate bicarbonate buffer (I 00111 per well) as the 
capture antigen. The same method as shown above for detecting serum antibodies to Y 
ruckeri was used starting from the blocking step, with the following differences, normal 
rabbit serum and a previously tested positive rabbit anti BSA serum were used as controls, 
and these wells were incubated with PBST instead of rabbit anti-rainbow trout Ig. at the 
appropriate stage. Sample values were calculated as follows: 
absorbance test serum Ratio=------------
absorbance normal rabbit serum 
A ratio value equal or greater than 2 was considered positive. 
5.2.11. Complement Assays 
5.2.11.1. Production of sheep red blood cell haemolysin in carp and goldfish 
SRBC were washed (3 X Smin. X 500g) in PBS, counted in a haemocytometer and the 
concentration adjusted to 109 cells ml:1• The cell suspension was emulsified with an equal 
volume ofFreunds incomplete adjuvant (Sigma) and 0.4ml of the resulting suspension was 
injected ip. into a carp and 0.4ml into a goldfish, equivalent to 2 X I 08 SRBC fish" 1• Serum 
antibody titres were tested by haemagglutination of SRBC 4 weeks post immunisation as 
follows. Blood samples were collected from the caudal vein of the fish, allowed to clot 
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overnight at 4°C and serum separated by centrifugation (I O,OOOg X 5 min.). Serum was heat 
treated at 44°C for 20 min to inactivate complement and serial twofold dilutions of the 
serum, in CFT buffer, in a total volume of O.lml were prepared across a microtitre plate. 
50111. of2% washed SRBC were added to each well and the plate was incubated overnight 
at 20°C. Heat inactivated normal carp serum was used as the control. No antibodies to 
SRBC were detectable at this time so the fish were boosted with an equivalent dose of a 
freshly prepared SRBC/Freunds incomplete adjuvant suspension as before. 
Haemagglutination titres were tested after a further 4 weeks as previously described. At this 
time serum haemagglutination titres were positive, to a dilution of 1/8 for the carp and 1/16 
for the goldfish. 
5.2.11.2. Determination of minimum haemolytic dose (MilD) of carp and goldfash anti-
SRBC serum 
A duplicate series of dilutions between 1:10 and 1:1000 of heat inactivated, carp and 
goldfish serum (both separately and mixed), in CFT buffer to a total volume of 0.1 ml, were 
prepared in separate test tubes. O.lml. of washed 2% SRBC and 0.2ml. ofCFT buffer was 
added to each tube and the tubes were incubated at room temperature for 45min. 0.1 ml. of 
1/10 dilution of normal carp serum was then added, as a complement source, to each tube 
and the tubes were incubated at room temperature for a further 45min, with shaking after 
l5min. The highest dilution which caused complete lysis of the SRBC was deemed the 
MHD. These were found to be as follows: 
Carp 1/320 
Goldfish 1/40 
Mixed carp and goldfish serum 1/160 
5.2.11.3. Sensitisation of sheep red blood cells 
It was decided to use the carp serum to sensitise the SRBC for use in the complement assays 
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as this had the highest MHD. SRBC were prepared and the concentration adjusted to a 5% 
suspension as described previously (chapter 3, section 3.2.11.4.1.). The SRBC were 
sensitised by incubation with heat inactivated carp anti SRBC serum at I :40, for 20 min. 
at 37"C. The cells were then washed (3 X 5 minX 500g) in CFT buffer. Cells were adjusted 
to 2% with CFT buffer for use in method one, the complete haemolytic activity assay and 
to a concentration of 2 X 108 cells ml. ·I for method two. 
5.2.11.4. Complete haemolytic activity (method one) 
The method used for this assay was as described previously (chapter 3, section 3.2.11.4.) 
except that the SRBC were sensitised using carp haemolysin instead of rabbit haemolysin. 
5.2.11.5. Complete haemolytic activity (method two-microplate assay) 
This method was developed from that used by Liu and Young (1988) for the measurement 
of complement activity in human serum. It is based upon the change in light scattering 
properties of sheep erythrocytes upon haemolysis. A standard curve was produced using 
SRBC diluted to I X 108 in CFT buffer. A volume of this solution was centrifuged to pellet, 
the supematant removed and the cells lysed in half the original volume of water. The 
suspension was then adjusted to the original volume with double strength CFT buffer, 
making it isotonic and I 00% lysed. Intact SRBC (I X 108 cells ml.. 1) were then mixed at 
various ratios with the lysed sample to produce standards in the range 0-100% lysed SRBC 
which were added to a 96 well flat bottomed microplate in 200J.ll. volumes. Test serum 
samples were diluted in CFTbufferto 1:12.5, 1:25, 1:37.5, 1:50, 1:75, 1:100 and 100J.1l. of 
each was added to the microplate containing the standards. I OOJ.ll of sensitised SRBC (2 
X I 08 cells ml.. 1) were dispensed into each sample well giving final serum dilutions of I :25; 
I :50, 1:75, 1: I 00, I: 150, 1:200 and SRBC at 1 X 108 cells mi.· 1• A blank was provided by 
I OOJ.ll. of pooled serum (diluted I :37) plus I OOJ.ll. of CFT buffer. The plate was incubated 
at 22°C for 45 min. with shaking every 5 min. to prevent sedimentation of erythrocytes. The 
absorbance was read at 492nm using an automated microplate reader (Labsystems, U.K.). 
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A standard calibration curve was obtained by plotting percentage lysis against absorbance 
for the standards, the volume of sample serum producing SO% haemolysis (CH50) was 
determined and the CH 50 units ml:' calculated. 
5.2.12. Development of an ELISA technique for the measurement of 
complement C3c levels in the serum of rainbow trout 
The rationale for these experiments is fully described later, in the discussion, but is based 
on the principle that mammalian C3 shows structural homology with rainbow trout C3 
(Nonaka, et al. 1984b ). It was thought, therefore, that rabbit anti-human C3c might also bind 
to rainbow trout C3 and so be suitable for use to identifY these proteins in a western blot 
analysis and in an ELISA to measure levels ofC3 in rainbow trout serum. Zymosan derived 
from bakers yeast is a potent activator of the alternative complement pathway in rainbow 
trout serum (Sakai, 1983) and binds the mammalian C3 complement component (Kajdacsy-
Balla and Mendes, 1976). This was therefore was used in an attempt to separate the C3 
complement component from whole rainbow trout serum. 
5.2.12.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- PAGE) 
Human and rainbow trout serum samples, commercial guinea pig complement (Sigma) 
(reconstituted according to manufacturers instructions) and zymosan/serum complexes 
(zy/sc), prepared as described below, were subjected to discontinuous SDS-PAGE 
(Laemrnli, 1970), using a 7.5% gel, to separate the constituent proteins, in order to try and 
identify the complement proteins. Reagents for sample preparation, gel formulation and 
electrophoresis are outlined in Appendix B. Samples were prepared for electrophoresis by 
dilution in Tris - saline buffer (rainbow trout serum I :5, human serum I: I 0, guinea pig 
complement I: I 0), prior to the addition of an equal volume of loading buffer and boiling 
in a water bath for 2min 
Gel constituents were de-gassed for 5 min after which SDS solution and freshly prepared 
ammonium persulphate were added and the resultant solution poured between glass 
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electrophoresis plates, (with fixed 1.0 mm spacers) on a level casting stand. Gels were 
overlaid with isobutanol to exclude air and left for 45 rnin at room temperature to 
polymerise. Isobutanol was then removed by rinsing with distilled water and residual liquid 
removed with blotting paper. To prepare stacking gels, constituents were mixed and de-
gassed prior to the addition of ammonium persulphate. Stacking gel solution was then 
overlaid onto the separating gel and 10 well polystyrene combs inserted to produce wells. 
After polymerisation the combs were removed, wells were rinsed with distilled water and 
all liquid removed with a syringe to dispose of unpolymerised acrylamide. Samples were 
applied in 201J.l. volumes to the wells of each gel, and molecular weight markers (Sigma 
SDS 7 MW, SDS 6H MW) or pre-stained molecular weight markers covering the range 
26.6 - 180 kilo Daltons (Sigma SDS7B) were included. Samples were separated by 
electrophoresis using a Minigei-Twin G 42 system (Biometra, Gottingen, Germany) under 
a constant voltage (40 min. 200 volts.) until the tracking dye front was within I cm of the 
end of the gel. 
After electrophoresis, gels were either stained directly or electrotransferred for specific 
immunostaining (section 5.2.1 0.3). 
5.2.12.2. Staining of polyacrylamide gels 
Gels were carefully removed from the electrophoresis plates and stained with Coomassie 
brilliant blue (CBB) (0.25%w/v dissolved in 40% methanol - 7% acetic acid), overnight at 
room temperature with constant shaking. Gels were destained with a 40% methanol, 7% 
acetic acid solution until blue protein bands were clearly visible. 
5.2.12.3. Western blotting 
For immunoblotting (western blotting) an adaption of the procedure ofTowbin et al. (1979) 
was used. All reagents used for western blotting were as outlined in Appendix C. 
Subsequent to electrophoresis, proteins were electrotransferred to 0.451J.m. nitrocellulose 
membranes (by a "wet" blotting procedure) in transfer buffer (Appendix C) at 30mA 
178 
constant current overnight using a Trans-Blot™ cell (Biorad). After electrotransfer 
nitrocellulose membranes were washed in tris-saline (TS)(3 X 5 min.). Non-specific 
binding was blocked by incubation for 30 m in at room temperature in TS + 1.5% (w/v) 
skimmed milk powder (Oxoid, UK) (TSM). Excess blocking solution was removed by two 
5 min. washes in TS and then the membrane was incubated (1 hour at RT) in primary 
antiserum, (rabbit anti-C3c complement [Dako, U.K.] or rat anti-zymosan/rainbow trout 
serum complement complex [zy/sc]( prepared as described below)) diluted 1:50 in blocking 
solution, with constant shaking ( I 0 strokes min. 1), washed 3 times 5 min in TS and then 
incubated for 1 hour with peroxidase conjugated secondary antiserum (Swine anti-rabbit lg 
(Dako) or rabbit anti-rat Ig, (Dako)) diluted 1: I 000 in blocking solution. The membrane 
was washed 3 X 5 m in in TS and developed in a 3,3' - diaminobenzidine (DAB) chromogen 
solution (Appendix C) for 1-5 min. The reaction was terminated by thorough washing of the 
membrane with TS. 
5.2.12.4. Human serum 
Blood was donated by the author and allowed to clot at room temperature. Serum was 
separated by centrifugation (I O,OOOg. X 5 min.) and stored at -70°C until use. 
5.2.12.5. Rainbow trout serum 
Rainbow trout serum was prepared as previously described (chapter 3). 
5.2.12.6. Production of rat anti-sera against zymosan/rainbow trout serum complement 
complex 
10 g. of zymosan A (Sigma Z-4250) prepared from Saccharomyces cerevisiae was washed 
(3 X 5 min. X I O,OOOg.) in physiological saline. The pellet was incubated in 2 ml. of 
rainbow trout serum for 1 hour at RT. The resulting complex was washed (6 X 5 min. X 
l O,OOOg.) in saline to remove unbound serum proteins and resuspended in I ml of saline. 
This was then mixed with an equal volume ofFreunds complete adjuvant and 0.5ml injected 
subcutaneously into each of four sites in a male Wistar rat. The process was repeated twice 
179 
at weekly intervals. The rat was bled by cardiac puncture 2 weeks after the last injection. 
Blood was allowed to clot overnight at 4°C and serum collected by centrifugation (1 O,OOOg. 
X 5 min.) and stored at -70°C prior to use. 
5.2.12.7. Examination of relevant serum proteins and antisera 
5.2.12.7.1. Investigation of serum protein binding to peroxidase conjugated anti-C3c 
complement antiserum 
Samples of human, rainbow trout and guinea pig complement were electrophoresed as 
described above on two gels; one gel was stained with CBB as described above. The 
proteins on the other gel were electrotransferred onto nitrocellulose and imrnunoblotted as 
above, but only a single antiserum was used for the blotting ie. peroxidase conjugated rabbit 
anti-C3c complement (Dako); the blot was developed as described above. 
5.2.12.7.2. Investigation of zymosan binding proteins in rainbow trout scrum, binding 
to peroxidase conjugated anti-C3c complement antiserum 
5mg. of zymosan was washed (3 X 5 min. X lO,OOOg.) in saline and incubated with 5001-!1. 
of rainbow trout serum for I hour at RT. The zymosan complex (zy/sc) was washed (3 X 
5 min .. X I O,OOOg) in saline and the pellet resuspended in a minimum volume of loading 
buffer. Human serum, rainbow trout serum, guinea pig complement and zy/sc were 
electrophoresed as described above, 
Following electrotransfer of the proteins the nitrocellulose membrane was probed using 
rabbit anti-C3c complement (Dako) as the primary antiserum and peroxidase conjugated 
swine anti-rabbit Ig as the secondary antiserum. The secondary antiserum was introduced 
this time in an attempt to improve the sensitivity of the assay. The blot was developed as 
described above. 
5.2.12. 7.3. Investigation and comparison of scrum protein binding properties of rat 
anti-zymosan/serum complement complex (zy/sc) antiserum and rabbit anti-C3c 
complement antiserum 
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Samples of human, rainbow trout and guinea pig complement were electrophoresed as 
described above on two gels. Following electrotransfer of the proteins on one of the 
nitrocellulose membranes was probed using rabbit anti-C3c complement (Dako) as the 
primary antiserum and peroxidase conjugated swine anti-rabbit lg as the secondary 
antiserum. The other nitrocellulose membrane was probed with rat anti-zy/sc antiserum as 
the primary antiserum and peroxidase conjugated rabbit anti-rat IG as the secondary 
antiserum. The blots were developed as described above and the results compared. 
5.2.12.7.4. Investigation of zymosan binding proteins in human and rainbow trout 
serum and guinea pig complement. 
15mg. of zymosan was washed (3 X 5 min. X I O,OOOg) in saline and divided into three 
aliquots, each was incubated (I hour at RT) with 500J.!l. of either human or rainbow trout 
serum or guinea pig complement. The serum and zymosan complexes were then separated 
by centrifugation (IO,OOOg X 5 min.), and these preabsorbed sera (supematants) were 
diluted as before. The zy/sc's were washed once in saline (IO,OOOg X 5 min.), and 
resuspended in 500J.!I. ofloading buffer in an attempt to dissociate the bound serum proteins 
from the zymosan, the suspension was centrifuged (IO,OOOg X 5min), to sediment the 
zymosan in the bottom of the tube and 20111 of the supernatant was loaded onto the gels. 
Samples of normal and preabsorbed (zymosan) human, rainbow trout and guinea pig 
complement and loading buffer containing zy/sc washings were electrophoresed as 
described above on two gels. Following electrotransfer of the proteins, one of the 
nitrocellulose membranes was probed using rabbit anti-C3c complement (Dako) as the 
primary antiserum and peroxidase conjugated swine anti-rabbit Ig as the secondary 
antiserum, and the other nitrocellulose membrane was probed with rat anti-zy/sc antiserum 
as the primary antiserum and peroxidase conjugated rabbit anti-rat IG as the secondary 
antiserum. The blots were developed as described above and the results compared. 
5.2.12.7.5. Complement activity of serum preabsorbed with zymosan 
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The level of spontaneous haemolytic activity, as measured by the haemolysis of unsensitised 
sheep red blood cells (SRBC), was compared in human and two samples of rainbow trout 
unabsorbed serum and serum which had been preabsorbed with zymosan. 20mg. of zymosan 
was washed ( 4 X 5 min. X IO,OOOg) in saline and divided into three aliquots, each was 
incubated with 150!JI. of serum for I hour at RT. The serum was separated from the 
zymosan by centrifugation (5 min. X 1 O.OOOg) and two fold serial dilutions, each of 1 OO!JI., 
of serum in CFT, were prepared in a 96 well, round bottomed, microtitre plate. 50!JI. of2% 
SRBC in CFT prepared as described previously (chapter 3, section 3.2.11.4.1) were added 
to each well, the plate was incubated for 1 hour at 20°C followed by overnight incubation 
at 4°C. (Natural haemolytic activity was expressed as the reciprocal of the highest dilution 
yielding complete haemolysis.) The end point was the highest serum dilution where there 
was complete lysis of the SRBC. 
The level of classical complement activity, as measured by the haemolysis of sensitised 
sheep red blood cells (SRBC), was compared in human serum and reconstituted commercial 
guinea pig complement unabsorbed and preabsorbed with zymosan. The samples were 
prepared and the assay carried out as described above, except that the SRBC used in this 
assay had been sensitised as described previously (chapter 3, section 3.2.11.4.1.). 
5.2.12.8. Optimisation ofELISA technique 
5.2.12.8.1 Comparison of capture and marker antisera 
The antigen capture ELISA used was a modification of that optimised previously (Jenkins 
et al., 1992) from the method of Ambler and Peters (1984). All reagents used for this 
technique were as outlined in Appendix D. Microtitre plates (Falcon) were coated with 
I OO!JI. of either rabbit anti-C3c complement or rat ant-zy/sc antiserum diluted 1:1000 in 
carbonate-bicarbonate buffer, pH 9.6, wrapped in aluminium foil and incubated in a humid 
box overnight at 4°C. Solutions were aspirated and wells washed X 4 with PBS containing 
0.1% Tween 20 (PBST) by means of a Titertrek Handiwash 110 plate washer (Labsystems, 
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U.K.) and excess solution was removed onto absorbent paper. Serum samples (IOOJ.!I) 
diluted I: I 0 in PBST were titrated in doubling dilutions across the plate. The plates were 
wrapped in foil and incubated in a humid box for 2 hours at 37"C. Plates were aspirated, 
washed and dried as described previously and I OOJ.!l of primary antiserum (peroxidase 
conjugated rabbit anti-C3c complement or rat anti-zy/sc) was added to each well. In 
addition control wells were included on each plate from which one reagent was omitted to 
determine if any cross reactions were present. Plates were wrapped in foil and incubated in 
a humid box for 1 hour at 37"C. After this incubation plates incubated with rabbit anti-C3c 
complement were developed by the addition of I OOJ.!l of chromogen to each well. The 
reaction was terminated after 10 min. by the addition of 50Jll. of I M sulphuric acid to each 
well. For plates incubated with rat anti-zy/sc a further incubation step with 1 OOJ.!I of rabbit 
anti-rat Ig ( Dako) was included. Plates were wrapped in foil and incubated in a humid box 
at 37"C for a further hour and then aspirated, washed, dried and developed as described 
above. The absorbance values were read at 492nm using an automated ELISA plate reader 
(Labsystems, U.K.). The outline protocol for this assay is summarised below: 
Plate no Capture antiserum 1 • (marker) antiserum 2" marker antiserum 
rabbit anti-C3c peroxidase conjugated 
complement anti-C3c complement 
2 rabbit anti-C3c rat anti-zy/sc peroxidase conjugated 
complement rabbit anti rat lgG 
3 rat anti-zy/sc peroxidase conjugated 
anti-C3c complement 
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5.2.12.8.2. Measurement of C3 complement levels in rainbow trout serum using ELISA 
The optimal ELl SA assay for measuring the level of complement C3 in rainbow trout serum 
was found to be as follows : 
Capture antiserum -
Serum dilutions -
Primary antiserum -
Secondary antiserum -
commercial rabbit anti-C3c complement 
I :4 doubling dilutions to 1 :64 
rat anti zy/sc antiserum 
rabbit anti-rat lg antiserum 
The ELISA technique described in the previous section with these modifications was used 
to measure the complement C3 levels in the serum from the experimental fish. 
5.2.13. Serum spontaneous haemolytic activity 
Serum spontaneous haemolytic activity was measured as described previously (chapter 3 
section 3.2.11.4.3). 
5.2.14. Statistical analysis 
Levels of significant differences between means were tested by one way ANOV A, two 
factor ANOVA and Duncans multiple range test. Repeated measures analysis of variance 
was used to evaluate data from the complement ELISA. Statistical significance was 
accepted at p<0.05. 
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5.3 Results 
5.1 Diet vitamin E levels 
Vitamin E levels in the diets as measured by HPLC reflected the level of supplementation 
with a-tocopheryl acetate. The results are shown in Table 5.3. 
5.3.2. Growth 
Figure 5 .I. illustrates the variation in growth rates over the course of the trial. All fish had 
very similar growth rates and the level of vitamin E supplementation had no significant 
effect. 
5.3.3 Challenge of experimental fish with Yersinia ruckeri 
The percentage survival of the various groups of fish following challenge are presented in 
Figure 5.2. Virtually 100% mortality occurred in all groups of fish challenged regardless of 
diet or immunisation regime. Differences were seen however in the pattern of mortalities. 
The antigen used for immunisation appeared to have a greater influence on the resistance 
to challenge than diet. Immunisation with ERM vaccine appeared to delay the onset of 
mortalities until day 10 and 11 in the fish fed diets supplemented with 30 or 750mg. vitamin 
E kg: 1 diet. Amongst the group of fish immunised with BSA and fed diets supplemented 
with 30 mg. vitamin E kg:1 diet mortalities began earlier on day 3 and had reached 95% by 
day 11, whereas in the group of fish immunised with BSA and fed diets supplemented with 
750 mg. vitamin E kg:1 diet, although a similar pattern was seen, mortalities did not reach 
95% until day 15. In the two groups of fish fed diets supplemented with 150mg vitamin E 
kg:1 diet, immunisation with ERM vaccine appeared to delay the onset of mortalities for the 
first 7 days in these fish compared to those immunised with BSA, but from this time 
onwards a similar level of mortalities occurred in both groups of fish and by 14 days post 
challenge 95% mortality had been reached in both groups. Dead fish, in particular those 
that died during the first week, exhibited typical symptoms of enteric redmouth disease. 
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They had dark skin colouration, swollen abdomens with gas and fluid filled stomachs and 
haemorrhaging at the base of the gill operculum and the pectoral fins. The classical red 
mouth colouration did not develop in any of the fish. Yersinia ruckeri were isolated from 
the faeces and kidney of most, but not all, of the fish tested. Therefore not all deaths could 
be specifically attributed to Y, ruckeri infection. 
5.3.4. Antibody responses to immunisation with ERM vaccine and BSA 
All serum from all experimental fish tested negative for antibodies directed against Yersinia 
ruckeri in samples taken 5 weeks post immunisation, on the day before the challenge (Table 
5.4. and Figure 5.3.). The serum from the survivors of the LD50 challenge and the serum 
from the single fish (fed a diet supplemented with 30mg vitamin E kg:1 diet, immunised 
with ERM vaccine) which survived the challenge, gave positive results for antibodies to Y. 
Ruckeri. The serum from the other two surviving fish from the challenge (150mg vitamin 
E kg: 1, ERM vaccine immunised and 750mg vitamin E kg: 1 diet, BSA immunised) tested 
negative for antibodies to Y Ruckeri. (Table 5.5.). 
Serum from experimental fish fed diets supplemented with either 30mg or 750mg vitamin 
E kg: 1 diet and immunised with BSA tested positive for antibodies to BSA. The serum 
from the fish fed the diet supplemented with 150 mg. vitamin E kg-1 diet and immunised 
with BSA tested negative, when samples were taken 5 weeks post immunisation on the day 
before the challenge. 
5.3.5. Serum complement levels 
5.3.5.1. Serum spontaneous haemolytic activity 
There were no significant differences in the spontaneous haemolytic activity of the serum 
from the experimental fish attributable to either differences in the level of dietary vitamin 
E supplementation or immunisation regime (Table 5.6, Figure 5.4). 
5.3.5.2. Classical complement pathway activity 
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The combined results of assay methods one and two are presented in Table 5.6. and Figures 
5.5.1. and 5.5.2. The fish immunised with BSA had significantly higher serum complement 
levels than the fish immunised with ERM vaccine when the first (test tube) assay method 
was used to measure serum complement levels, but no significant differences attributable 
to diet were seen. The second method, the microplate assay technique, showed similar 
results for the fish fed diets supplemented with 30mg. vitamin E kg·1 diet, with higher mean 
serum complement levels in the BSA immunised fish than in the ERM vaccine immunised 
fish, but in contrast mean level of complement activity in the serum of the fish immunised 
with ERM vaccine and fed a diet supplemented with 750mg vitamin E kg: 1 diet was higher 
than that of the fish on the same level of vitamin E, and immunised with BSA. The 
difference was not significant, but there was a particularly large individual variation in 
results within this group of fish. The fish fed diets supplemented with 150mg vitamin E 
kg: 1 diet showed a very similar mean level of complement activity for both immunisation 
regimes. 
The complement activity in the serum of the fish which survived the LD50 was also 
measured using the microplate method. A significantly higher level of activity was found 
in the serum of the fish challenged with 106 CFU fish·' (291.43 ± 28.96 [s.e.]CH50 units ml·1 
serum) compared to the fish challenged with 104 or 10 5 CFU fish·' ( 210.63 ± 18.86 [s.e.] 
and 207.48 ± 13.92 [s.e.] CH50 units ml·1 serum, respectively). 
5.3.6. Development of ELISA technique to measure complement 
5.3.6.1 SOS-PAGE of rainbow trout and human serum and guinea pig complement 
Multiple bands of proteins were seen on the gel when it was stained with Coomassie 
brilliant blue. 
5.3.6.2. Western blotting SOS-PAGE gels of rainbow trout and human serum and 
guinea pig complement with commercial anti C3c complement antiserum 
Western blotting of the gel using commercial rabbit anti-C3c complement revealed 
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multiple bands in all lanes. These bands were grey in colour which suggested that the 
reaction was not occurring as the result of a production of the coloured substrate by the 
antigen bound enzyme but by some other mechanism. In the lanes containing separated 
proteins from the human and guinea pig serum two different size proteins showed up as 
distinct brown bands, which were more likely to indicate the binding of the marker 
antiserum. In the lanes containing rainbow trout serum single brown bands were also present 
but these were much fainter than those seen in the human and guinea serum. (Plate S.l.a). 
5.3.6.3. Western blotting of SOS-PAGE gels with, zymosan incubated with rainbow 
trout serum, rainbow trout and human serum and guinea pig complement with 
commercial anti C3c complement antiserum 
Distinct bands indicating binding of the marker antiserum occurred in the reg10n 
corresponding to ~ 116,000 and ,.; 84,000 kilo Dalton (kDa) in the lanes containing separated 
human serum proteins (Plate S.l.b). Fainter bands in the same region were seen in the lanes 
containing separated guinea pig complement and very faint bands at ~84,000 Da. in the 
lanes containing separated rainbow trout serum proteins and zymosan. The later bands 
although visible when the experiment was conducted, have since faded, and are very 
difficult to distinguish in the photograph of the blot. 
5.3.6.4. Western blotting ofSDS-PAGE gels of rainbow trout and human serum and 
guinea pig complement with rat anti-zymosan/serum complex (zy/sc) antiserum or 
commercial anti C3c complement antiserum 
The western blot with rat anti-zy/sc (Plate S.l.c.) showed faint bands, indicating binding of 
the antiserum to proteins of~ 116,000 Da and s84,000 Da, in the lanes containing human 
serum. In the lanes containing guinea pig serum binding to multiple proteins occurred with 
three major bands all ~ 116,000 Da. In the lanes containing the rainbow trout serum there 
were two major bands both ~ 116,000 Da. Western blotting with the commercial anti C3c 
complement antiserum (Plate 5, l.d.) produced bands in the same regions as those described 
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previously, but this time a second band equivalent to the ,;;84,000 Da. band seen in the 
human serum was also present in the lanes containing separated guinea pig complement. 
No binding occurred in the lanes containing rainbow trout serum. 
5.3.6.5. Western blot of zymosan binding serum proteins, preabsorbed serum and 
natural serum of rainbow trout, human and guinea pig complement with anti-zy/sc 
antiserum 
The blot developed with anti-zy/sc antiserum (Plate S.l.e.) had distinct bands across all 
lanes at between 58,000 and 84,000 Da. In the lanes containing guinea pig complement no 
other binding occurred, except in the lane containing natural guinea pig serum, where a faint 
band was seen at <: 180,000Da . In the lanes containing human serum there was a distinct 
band at <: 180,000 D in the preabsorbed and natural serum and a faint band in the same area 
in the lanes containing zymosan preabsorbed with human serum. The lanes containing 
natural and preabsorbed rainbow trout serum and zymosan preabsorbed with rainbow trout 
serum had multiple bands indicating binding of the antiserum to multiple proteins. 
5.3.6.6. Western blot of zymosan binding serum proteins, preabsorbed serum and 
natural serum of rainbow trout, human and guinea pig complement with commercial 
peroxidase conjugated anti-C3c complement antiserum 
The blot developed with the commercial anti-C3c complement antiserum produced the 
following bands ofbinding (Plate S.l.f.). 
Human serum -natural 
Human serum -preabsorbed with zymosan 
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2 major bands 
3 major bands 
I faint band 
<= 116,000Da 
<: 84,000Da 
,;;180,000Da 
<: 116,000Da 
,;; 84,000Da 
<:36,500Da 
Zymosan -preabsorbed with human serum 3 major bands ~180,000Da 
~ 84,000Da 
<! 84,000Da 
3 light bands <! 180,000Da 
<! 116,000Da 
<!36,500Da 
Guinea pig complement -natural 2 bands <! 116,000Da 
<!36,500Da 
Guinea pig complement -preabsorbed with 2 bands <! 116,000Da 
zymosan <!36,500Da 
Zymosan -preabsorbed guinea pig with 2 bands <! 116,000Da 
complement <!36,500Da 
Rainbow trout serum -natural I faint band ~ 180,000Da 
Rainbow trout serum -preabsorbed with no bands 
zymosan 
Zymosan -preabsorbed with rainbow trout 2 bands ~ 180,000Da 
serum <! 116,000Da 
5.3.6. 7. Complement activity of serum preabsorbed with zymosan 
The natural haemolytic activity of rainbow trout serum was reduced by preabsorption of the 
serum with zymosan compared to natural serum and antibody dependent haemolysis of 
SRBC was reduced in human and rainbow trout serum and guinea pig complement by 
preabsorption of the sera or complement with zymosan compared to natural controls (Table 
5.7.). Plate 5.2. shows the variation in haemolytic activity of the serum resulting in SRBC 
lysis see in the microplates. 
5.3.6.8. Comparison of capture and marker antisera in complement ELISA 
Three different combinations of capture and marker antisera for the complement ELISA 
produced the following results: 
ELISA plate I 
Human 
Guinea pig 
Rainbow trout 
ELISA plate 2 
Human 
Guinea pig 
positive at all dilutions , linear above 1:1024. 
slightly positive at dilutions below 1:256. 
negative at all dilutions 
negative at all dilutions 
negative at all dilutions 
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Rainbow trout 
ELISA plate 3 
Human 
Guinea pig 
Rainbow trout 
positive at all dilutions below I: I 024 
slightly positive at dilutions below I: 16. 
slightly positive at dilutions I :2. 
negative at all dilutions 
Figures 5.6.a .. , 5.6.b. and 5.6.c. illustrate the variation in absorbance values, for the different 
serum, as the result of the different combinations of antisera used. It was decided that the 
combination used for ELISA plate 2 was the most suitable for measuring complement levels 
in rainbow trout serum. 
5.3.7. Rainbow trout serum complement levels measured using ELISA 
Very similar results were obtained for all samples (Table 5.8.). Repeated measures analysis 
of variance of the data showed no significant differences between any of the groups. 
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Al~~f!~t(}copheroli levels I in diets analysedl by HPLC 
Diet" 
Wmg:kg-1! cHocopherol 
supplementation 
l50mg.kg' 1 :oAocopherol 
supplementation 
750mg.kg·1.a.,tocopherol 
supplementation 
Sample I 
l66i29 
192' 
cHocopherolJlg.g'1 diet 
Sample2 
14'4.39 
Mean. 
39.70! 
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Variation in mean body weights of fish fed diets supplemented with 30mg ., 150mg 
A or 750mg T vitamin E kg-1 diet over the course of the trial. 
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Figure 5.2. 
Variation in percentage survival after chaUenge with Yersinia ruckeri 
in fiSh fed diets supplemented with 30mg (green line), 150mg (red line) or 750mg (blue 
line) vitamin E kg-' diet and immunised with either ERM vaccine(~ or BSA (e). 
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Figure 5.3. 
Variation in serum antibody responses to immunisation with either ERM vaccine or 
BSA in fish fed diets supplemented with vitamin E 
Antibody response ratio is equivalent to absorbance test serum I absorbance negative control serum, ~2 
considered +ve 
ERM represents immunisation with ERM vaccine 
BSA represents immunisation with BSA 
Numbers represent level of vitamin E supplementation mg·' kg:' diet. 
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Table 5.4. 
Variation in serum antibody responses to immunisation with either ERM vaccine or 
BSA in fish fed diets supplemented with vitamin E 
Serum ratio of antibody Serum ratio of antibody 
response to immunisation with response to immunisation with 
BSA ERM vaccine 
Vitamin E mg. kg.-1 diet Vitamin E mg. kg.-1 diet 
30 150 750 30 150 750 
2. 18 1.24 1.29 0.95 0.95 1.03 
2.82 1.71 2.18 1.07 0.85 0.88 
2.00 1.76 2.29 0.81 0.81 0.84 
1.88 0.06 1.76 1.38 1.45 0.72 
3. 12 1.82 2.06 1.25 1.02 0.52 
2.41 1.94 2.59 0.63 1.03 1.24 
mean 2.41 1.42 2.03 mean 1.01 1.02 0.87 
Ratio equivalent to absorbance test serum I absorbance negative control serum, ~2 considered positive 
Table 5.5. 
Serum antibody responses in survivors from Y. ruckeri challenge 
LD50 survivors Experimental challenge 
survivors 
Challenge dose 
1 X 104 1 X 105 I X 106 1 X 107 
1.76 5.22 2.73 2.28 30/ERM 3.62 
1.69 3.43 1.43 150/ERM 1.1 2 
2.07 2.51 1.56 750/BSA 1.28 
1.32 5.3 1 1.37 
2.68 2.55 
2.97 2.98 
mean 2.08 3.67 1.77 2.28 
Ratio equivalent to absorbance test serum I absorbance negative control serum, ~ 2 considered positive 
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Table 5.6. 
Serum Complement Assays 
Vitamin E mg.kg._1 diet 
Statistical 
• 30 150 750 significance n 
Complement ERM 6 68.93 ± 10.71 68.75 ± 19.73 66.65 ± 9.06 Fl NS 
activity CH50 /ml F2 S 
(method one) BSA 6 94.41 ± 13.69 78.56 ± 4.16 83.02 ± 7.82 I NS 
Comple ment ERM 6 322.25 ± 58.27 307.11 ±34.14 449.93 ± Fl NS 
activity CH50 /ml 122.3 F2NS 
(method two) I NS 
BSA 6 347.39 ± 64.28 304.83 ± 15. 16 32 1.75 ± 
87.19 
Sponta neous ERM 6 6.40 ± 0.98 4.67 ± 0.67 4.80 ± 0.80 Fl NS 
haemolytic activity F2NS 
log1 serum din. I NS 
showing complete BSA 6 5.33 ± 0.84 4.67 ± 0.67 6.00 ± 0.90 
haemolysis 
·sample size/group 
Multi factor ANOV A serum complement activity by supplemental vitamin E level and immunisation. 
Fl = supplemental vitamin E level factor; F2 = immunisation factor; I = interaction F- l xf-2; NS: not significant; 
S:ps 0.05. 
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Figure 5.4. 
Variation in spontaneous haemolytic activity in serum from rainbow trout immunised 
with either ERM vaccine or BSA and fed diets supplemented with vitamin E 
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Plate 5.1. 
a) Western blot of SDS-PAGE gels of rainbow trout (T) and human serum (H) and 
guinea pig complement (G) with commercial anti C3c complement antiserum. 
Arrows indicate bands showing brown innumostaining. M = markers. 
b) Western blot ofSDS-PAGE gels with, zymosan incubated with rainbow trout serum 
(zT), rainbow trout (T) and human serum (H) and guinea pig complement (G) with 
commercial anti C3c complement antiserum. 
PM = prestained protein markers ( kDa). 
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c) Western blot of SDS-PAGE gels of rainbow trout (T) and human serum (H) and 
guinea pig complement (G) with rat anti-zymosan/serum complex (zy/sc) antiserum. 
PM = prestained protein markers ( kDa). 
d) Western blot ofSDS-PAGE gels of rainbow trout (T) and human serum (H) and 
guinea pig complement (G) with commercial anti C3c complement antiserum. 
PM = prestained protein markers ( kDa). 
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e) Western blot of zymosan binding serum proteins (z), preabsorbed serum (p) and 
natural serum of rainbow trout {T) , human (H) and guinea pig complement (G) with 
anti-zy/sc antiserum 
PM = prestained protein markers ( kDa). 
t)Western blot of zymosan binding serum proteins (z), preabsorbed serum (p) and 
natural serum of rainbow trout {T) , human (H) and guinea pig complement (G) with 
commercial peroxidase conjugated anti-C3c complement antiserum 
PM= prestained protein markers ( kDa). 
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Figure 5.6.a. 
ELISA plate 1 variation in absorbance values of human and rainbow trout serum and 
guinea pig complement when complement levels were measured by ELISA using the 
following antisera:-
Capture antibody rabbit a C3c 
Marker antibody rabbit a C3c PC. 
Figure 5.6.b .. 
ELISA plate 1 variation in absorbance values of human and rainbow trout serum and 
guinea pig complement when complement levels were measured by ELISA using the 
following antisera:-
Capture antibody rabbit a C3c 
Primruy antibody rat a zy/sc 
Marker antibody rabbit a rat lgG PC. 
Figure 5.6.c. 
ELISA plate 1 variation in absorbance values of human and rainbow trout serum and 
guinea pig complement when complement levels were measured by ELISA using the 
following antisera:-
Capture antibody rat a zy/sc 
Marker antibody rabbit a C3c PC 
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Table 5.7. 
Complement activity of serum preabsorbed with zymosan 
rainbow trout rainbow trout zym. rainbow trout rainbow trout 
control (1) (1) control (2) zym. (2) 
Spontaneous 118 1/4 1116 1/8 
haemolytic activity log2 
serum din. showing 
complete haemolys is 
human human guinea pig guinea pig 
control zym. control zym. 
Antibody dependent 1/8 0 1116 0 
haemolytic activity log2 
serum din. Showing 
complete haemolys is 
Plate 5.2. 
Microtitre plate showing complement activity in normal serum and serum 
preabsorbed with zymosan . 
Key H = human, T = rainbow trout, G = guinea pig, n = normal, z =zymosan preabsorbed. Columns 1-6 = 
spontaneous haemolys is, 7- 10 =antibody dependent haemolysis .. 
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Table 5.8. 
Serum complement levels measured by ELISA 
serum dilution !!VI !!V2 I!V3 !!V4 !!VS I!V6 !!bl eb2 eb3 eb4 ebS eb6 
1:2 1.7488 1.7448 1.9842 1.8582 2.0729 1.9969 1.6698 1.9448 1.9932 2.0042 2.0299 1.9739 
1:4 1.6028 1.6368 1.8402 1.7102 1.8409 1.9599 1.5018 1.9288 1.8382 1.7242 1.9469 1.8959 
1:8 1.4158 1.4738 1.5662 1.5092 0.0649 1.5969 0.6738 1.6738 1.8532 1.5942 1.7649 1.693 
1:16 0.0798 0.0338 0.0292 0.0762 0.0299 0.7759 0.0378 0.4088 1.2762 0.1262 0.0729 0.0469 
1:32 0.0268 0.0158 -0.0038 0.0012 0.0049 0.0049 0.0168 0.0258 0.0182 0.0152 0.0069 0.0189 
1:64 0.0138 0.0148 -0.0108 -0.0028 -0.0051 -0.0081 0.0028 0.0 108 -0.0108 0.0 122 -0.0031 -0.00511 
1:128 0.0068 -0.0082 -0.0148 -0.0088 -0.0031 -0.0091 0.0018 0.00 18 -0.0128 -0.0088 0.0049 -0.008 1 
rvt rv2 rv3 rv4 rvs rv6 rbl rb2 rb3 rb4 rbS rb6 
1:2 1.6768 1.9528 1.8302 2.1672 2.0159 1.9999 1.7878 2.0158 1.7702 1.8592 1.9579 2.1699 
1:4 1.6218 2.0288 1.6762 1.8592 1.8129 1.8979 1.6078 1.9328 1.6382 1.6082 1.8679 2.0069 
1:8 1.1088 1.8978 1.2972 1.9372 1.4029 1.8279 1.1098 1.7548 1.4052 1.4492 1.2409 1.7949 
I :16 0.0478 1.1858 0.0152 0.6442 0.0209 0.0249 0.5238 0.0678 0.1022 0.0452 0.0209 0.0509 
1:32 0.0068 0.0178 0.0192 0.0352 0.0039 -0.0041 0.0368 0.0188 0.0192 0.0232 0.0039 0.0069 
1:64 0.0048 0.0098 0.0012 -0.0098 0.0009 -0.0131 0.0038 0.0078 0.0002 -0.0088 -0.0051 -0.0141 
1: 128 0.0018 -0.0 112 -0.0008 -0.0068 0.0009 -0.0131 0.0138 0.0058 -0.0038 -0.0148 -0.0091 -0.0121 
bvl by2 by3 bv4 bvS bv6 bbl bb2 bb3 bb4 bbS bb6 
1:2 1.6678 1.8428 1.9642 1.6 162 2.0889 2.1299 1.8438 1.9468 1.7442 2.1032 2.1399 1.8799 
1:4 1.5428 1.7088 1.7432 1.4642 1.8799 2.0089 1.6778 1.7438 1.6522 1.9722 2.0879 1.5159 
1:8 0.2478 1.2968 1.6892 0.1642 1.2 129 1.8839 1.0038 1. 1908 1.5482 1.5522 2.0499 0.0539 
1:16 0.0448 0.0478 0.2952 0.0 102 0.0089 0.7579 0.0368 0.0288 0.0552 0.0152 0.5829 0.0429 
1:32 0.0208 0.0198 -0.0098 0.0012 -0.0071 0.0029 0.0198 0.0138 0.0002 0.0062 -0.001 1 -0.0041 
1:64 0.0358 0.0208 -0.0058 -0.0148 -0.0081 -0.0081 0.0228 0.0078 -0.0038 -0.0028 -0.0081 -0.0091 
1:128 0.0088 -0.0052 -0.0118 -0.0018 -0.0 101 -0.009 1 0.0 108 0.0028 -0.0028 -0.0058 -0.005 1 -0.0151 
gy = 50 mg. vitamin E kg: 1 diet I Yersinia ry = 150 mg. vitamin E kg:' diet I Yersinia by = 750 mg. vitamin E kg:' diet/ Yersinia 
gb= 50 mg. vitamin E kg:' diet /BSA rb = I 50mg. vitamin E kg:' diet /BSA bb = 750 mg. vitamin E kg:' diet I BSA 
Values represent absorbance units at 492nm 
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5.4. Discussion 
Growth rates in this trial were unaffected by levels of dietary vitamin E supplementation, 
indicating that as far as growth is concerned, under these experimental conditions, 
supplementation with 30mg vitamin E kg·• is sufficient to maintain optimum growth in 
rainbow trout 
Fish were bath immunised with either ERM vaccine or BSA in order to compare the 
antibody responses to the two different antigens and also so that both ERM vaccinated and 
unvaccinated fish were exposed to a similar handling regime. The ERM vaccinated fish had 
not developed an antibody response to Y ruckeri by 5 weeks post immunisation, which 
correlates with the work by Furones et al.(1990). When they used a similar ELISA 
technique to measure antibody response, in the serum of rainbow trout fed diets 
supplemented with varying amount of vitamin E, no response was detectable 7 weeks after 
bath challenge with Y ruckeri; and after an ip. challenge with Y ruckeri the response was 
only just detectable after 3 weeks. However, with the same fish, after 12 and 15 weeks 
respectively, there was a positive antibody response in both groups. In work by Verhlac et 
al. ( 1991) in which rainbow trout were immunised against ERM, antibody response was 
related to the level of vitamin E supplementation in the diet, but it was 140 days post 
vaccination before the antibody response reached a peak. This suggests that the antibody 
response to this bacterium may take longer than 5 weeks to become fully developed. This 
was corroborated to some extent by the fact that when the serum from the LD50 and the 
challenge survivors was tested for antibodies to Y ruckeri, positive results were obtained 
for most of the fish. These fish had received a much higher i.p. dose of the bacteria than 
the sampled fish which were only exposed to bath immersion, and also had more time to 
develop an antibody response, which shows that dose, route of administration and time are 
all very relevant factors in the development of an antibody response. 
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Thorburn and Jansson (1988) detected haemagglutinating antibodies to Vibrio anguillarum 
in the serum of rainbow trout one month after bath challenge with the pathogen and Tatner 
( 1990) detected haemagglutinating antibodies to Aeromonas salmonicida in the serum of 
rainbow trout two weeks after ip. injection of the pathogen with a peak in response after 4 
weeks. This suggests that antibody responses to other pathogens may develop more quickly. 
Serum antibody responses to BSA were, with the exception of the group fed diets 
supplemented with l SOmg vitamin E kg· 1 and one or two individuals in each of the other 
groups, positive. It is unclear why in this particular group the antibody response was 
negative, but the positive results in the other groups compared to the response to ERM 
vaccine may be due to a much higher dose of antigen being delivered to each fish in the 
BSA immunisation compared to the ERM immunisation. 
The challenge experiment produced far from satisfactory results. This was probably the 
result of a combination of factors. In the first instance the fish were subjected to 
unavoidable stress, the challenge dose was probably too high and the filter system in the 
challenge aquarium did not have time to fully mature which resulted in a fall in the water 
quality. 
In an ideal situation the fish would have been raised and challenged in the same 
experimental system. In this experiment, as a consequence of home office regulations, the 
fish had to be moved to an alternative system in order to be challenged. The challenge 
aquarium had totally different systems of filtration and aeration and for maintaining ambient 
temperatures to those used in the maintenance aquarium. Thus the fish not only had to cope 
with the stress of being moved but also adaption to these different systems. The stress of 
handling , transport and poor water quality has been shown to result in an elevation in 
plasma cortisol levels in the blood of stressed fish (Donaldson, 1981; Ell is, 1981; Pickering, 
1992) with a corresponding down regulation of the immune system and a concomitant 
decrease in disease resistance (Fevolden et al., 1992; Thompson et al., 1993; Angelidis et 
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al.. 1987). In rainbow trout exposure to stress has resulted in leucopaenia, reduced 
chemiluminescence (CL) response by head kidney phagocytes and increased mortalities in 
response to challenge with A salmonicida (Angelidis et al., 1987). The stress likely to have 
been induced by the change of aquarium, therefore probably had a significant effect on the 
immune responses of the fish, in itself, in addition to any dietary influences. 
A longer time gap between the change of aquarium and the challenge, would also have been 
better, to allow the fish more time to acclimatise and for the filtration system to fully mature, 
but unfortunately circumstances dictated the rather shortened time interval. 
It would also seem that the chosen challenge dose was too high as a result of the LD50 being 
rather over estimated. Some protection against the onset of ERM was observed in the 
vaccinated fish, but this seemed to be independent of the level of circulating antibodies. 
This is in agreement with other studies (Cossarini-Dunier, 1986, Furones et al., 1992) in 
which this was also the case. The relationship between protection and diet seemed to be 
biphasic, the fish on the highest and lowest level of vitamin E supplementation survived the 
longest when immunised with ERM vaccine and succumbed to the disease the quickest 
when immunised with BSA. In the group of fish fed the middle level of vitamin E 
supplementation mortalities occurred at about the same rate independently of immunisation 
regime, with ERM vaccination only providing very short term protection. The large 
increase in mortalities in the surviving fish from day 11 onwards was probably due largely 
to a deterioration in the tank water quality, which may have contributed to the deaths in 
these fish as well as reducing their resistance to the disease. Y ruckeri could not be isolated 
from all of these fish and the gross symptoms of enteric redmouth disease were not always 
present, unlike the fish that died earlier. It may be that if the water quality could have been 
maintained that some of these fish would have survived the challenge. 
Previous experiments where disease resistance was enhanced by dietary manipulation 
without a concomitant increase in antibody response suggest that non-specific mechanisms 
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may be the more important. Alternatively large increases in antibody secretion may not be 
necessary for optimum immune function. In mammals the large increase in antibodies, 
which is a feature of the secondary response to antigens (memory), is limited to a 
monomeric form of immunoglobulin (IgG) and the secondary immune response is never 
so greatly enhanced in the polymeric form (Kaattari, 1994). 
The development of antisera to many of the components of the human complement system 
has lead to the use of the ELISA technique to measure levels of these components in human 
serum (Mollnes and Lachman, 1987; Peakman et al.,. 1987; Rhen, 1987; Garred et al,. 
1988; Devivo et al., 1993). These have been mostly measurement of products resulting 
from activation of the complement pathways and have been used as diagnostic tools in many 
autoimmune and hepatic disorders and in conditions of complement deficiencies. The 
assay used in this work was adapted from the method of Peakman (1987), replacing the 
commercial anti-C3d antiserum, used in that method with commercial polyclonal rabbit 
antisera raised against human C3c. This antiserum binds to both to C3c and the C3c region 
of native C3 and C3b of human complement (Dako Tech. data). C3 is one of 30 
complement proteins recognised to date in human serum and holds a key position in the 
complement system since the classical and the alternative pathways merge at the C3 
activation step (Lambris, 1988). Mammalian C3, C4 and C5 all show structural homology 
with rainbow trout C3, but there is a much closer resemblance structurally and functionally 
to mammalian C3 than to mammalian C4 and C5. There are obvious similarities in the 
amino acid composition of the two molecules and the NH2 terminal sequences of the a- and 
P- chains of the molecules show significant homology (Nonaka, et al. 1984b ). With these 
similarities in mind it was thought that rabbit anti-human C3c might also bind to rainbow 
trout C3 and so be suitable for use to identify these proteins in a western blot analysis and 
in an ELl SA to measure levels of C3 in rainbow trout serum. 
Zymosan derived from bakers yeast is a potent activator of the alternative complement 
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pathway in rainbow trout serum (Sakai, 1983). When zymosan is incubated with normal 
serum C3 is split into two fragments C3a and C3b, the former having anaphylatoxin activity 
and the latter, having the same characteristics as C3b produced by the classical pathway, 
remaining covalently bound to the zymosan particles (Kajdacsy-Balla and Mendes, 1976). 
In higher and lower vertebrates, including fish, highly specific antibodies against C3b have 
been obtained by injecting the zymosan-C3b complexes into rabbits (Mardiney and Muller-
Eberhard, 1965; Nonaka et al., 1984a; Sunyer and Tort, 1995). Nonaka et al. (1981) 
described how rabbit antiserum directed against zymosan binding proteins in rainbow trout 
serum developed 2 precipitin lines, I strong and I weak in the p region in 
immunoelectrophoresis against whole rainbow trout plasma. Fractionation of the plasma 
and purification of the components revealed that the strongest precipitin reaction was 
directed against a protein identified as the complement C3 component of the plasma and the 
weaker reaction against the complement CS component of the plasma. A variation of these 
techniques was used in this work to produce a putative antiserum to rainbow trout 
complement C3b suitable for use, in combination with the anti-human complement C3c 
described above, to identifY complement proteins in western blot analysis and to measure 
levels of C3 in rainbow trout serum by ELlS A. 
Western blot analysis of the serum proteins using anti-human complement C3c revealed 
binding of the antiserum to two proteins of molecular weights 116 kd and 84 kd in the 
mammalian sera, but only weak binding to an 84 kd protein in the rainbow trout serum and 
zymosan preabsorbed with rainbow trout serum. Mammalian C3 is a p-globulin of 
molecular weight 185 kd composed of two polypeptide chains with molecular weight 110 
kd a-chain and 75 kd P-chain linked by disulphide bonds (Law and Reid, 1988). This is 
close to the size range of the proteins identified by the antiserum and suggests that the 
antiserum recognised the complement C3 components in the mammalian serum but only 
the P-chains of the C3 molecule in the rainbow trout serum. 
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The rat anti-zymosan/complement complex antiserum was developed in an attempt to 
increase the sensitivity of the assay for rainbow trout complement C3. Preincubation of 
rainbow trout serum with zymosan reduced the haemolytic activity of the serum towards 
unsensitised and sensitised SRBC. Preincubation of human and guinea pig complement 
with zymosan reduced haemolytic activity against SRBC sensitised with commercial rabbit 
haemolysin. Therefore the zymosan depleted the serum of components necessary for the 
alternative and classical complement pathway mediated lysis of SRBC. Sunyer and Tort 
( 1995) reported that preincubation of sea bream serum with zymosan or with antibodies 
directed against zymosan/ serum complexes, prepared in a similar way to that described 
previously, significantly reduced the haemolytic and bactericidal activity of the serum. 
Nonaka, et a/.(1984b) reported a similar effect in their work with rainbow trout, they 
found that preincubating the serum with antibodies directed against purified rainbow trout 
C3 inhibited lysis mediated by both the alternative and classical complement pathway. 
The ELISA assay was unable to detect any differences in complement levels in the serum 
of the experimental fish, resulting either from differences in diet or immunisation regime. 
However the assay would benefit greatly from further optimisation. As suggested earlier 
a more specific antiserum could be produced against the trout serum C3 complement 
component and if some of this antiserum could be conjugated to a suitable enzymic label 
then the antiserum could be used as both the capture and the marker antibody which is likely 
to very much improve the sensitivity of the assay. In this comparative experiment a 
complement standard was not used, however if this assay was used in a more quantitative 
rather than comparative experiment then it would be necessary to produce such a standard. 
The level of vitamin E supplementation in the diet appeared to have no effect on serum 
complement levels when measured by the three different methods. Immunisation with BSA 
increased the serum complement levels in the fish immw1ised with this antigen compared 
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to the fish immunised with ERM. This is likely to represent a general stimulation of this 
arm of the non-specific immune system of these fish by this antigen. As with the differences 
in antibody responses to the two antigens , this might again reflect a higher dose of antigen 
administered to these fish compared to those immunised with ERM. Serum complement 
levels were not correlated with resistance to disease, the higher levels of serum complement 
in the BSA immunised fish did not result in increased survival when challenged with Y. 
ruckeri. There was however a large difference in the range of the results for the two assay 
methods. The levels measured by the first method are higher than those recorded for the 
previous trials but are still within the same magnitude. The higher levels for this trial are 
probably the result of replacing the mammalian antibodies used in previous assays with 
antibodies raised in another species of fish for sensitising the SRBC. The second method 
gave levels of approximately 5 times that of the first method, but when the ratio of SRBC 
to the volume of reaction mixture is compared there was a sixfold higher concentration of 
SRBC in the second microplate method than in the first, which would account for the 
difference in the magnitude of the results. Of the three methods used to measure serum 
complement activity and levels in this trial, the one used in previous trials, although the 
most labour and equipment intensive, seemed to produce the most reliable results. The 
assay was improved however, by the replacing the commercial rabbit haemolysin used 
previously, with antibodies to SRBC produced in carp. 
Overall this trial has shown that dietary vitamin E supplementation at 30mg kg· 1 diet is 
sufficient for optimum growth in rainbow trout and that supplementation at levels above this 
do not influence the ability of fish to survive a challenge with Y. ruckeri at the dose used 
in this trial. A lower challenge dose may have shown up a differential effect due to the 
level of dietary vitamin E supplementation, Furones ( 1990) reported reduced mortalities in 
response to challenge with Y. ruckeri , in rainbow trout fed diets supplemented with high 
levels of vitamin E. Immunisation with BSA stimulated higher serum complement levels 
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and antibody response than immunisation with ERM vaccine but the dose of antigen given 
was probably higher and antibody responses to ERM vaccine may take longer to develop. 
Immunisation with ERM vaccine did appear to delay the onset of the disease, but was not 
able to prevent mortalities occurring in the longer term. Thus it appears that the temporary 
protective effect induced by the vaccine may have resulted from stimulation of some part 
of the immune system other than complement or antibody response. Grayson et al (1987) 
immunised rainbow trout with ERM vaccine both by bath and ip and investigated the 
bactericidal activity of the serum from the immunised fish. One strain of Y ruckeri tested 
was that used for the challenge in this trial. In control fish serum survival of bacteria was 
I 00%, in bath immunised fish 2% and in ip. immunised fish 0.6%. However when the 
serum was subjected to heat treatment (4S"C, 20min) to inactivate complement the bacteria 
sustained their viability. The bactericidal activity of the serum was thought to be the result 
of activity by both the classical and alternative complement pathways. The activity was 
present in the serum of the immunised fish at 8 days post immunisation, well in advance of 
the specific humoral response, and was not correlated with bacterial agglutination titres later 
in the experiment; also the addition of Ca2 and Mi chelators to unheated serum resulted in 
a level of survival of the bacteria similar to that seen in the heat treated serum. In this trial 
the resistance to disease did not seem to be correlated with serum complement levels, but 
it may be that the challenge dose was so high that it overwhelmed the complement defence 
system of the fish. 
Toxic extracellular products (ECP) from Y ruckeri, comparable to those reported for 
Aeromonas salmonicida (Santos et al., 1988), have been implicated in the pathogenesis of 
ERM disease (LD50 of 2-2.9flg per fish) (Romalde and Toranzo, 1993). Sakai (1984b) 
reported that rainbow trout complement was implicated in the inactivation of toxicity of A. 
salmonicida ECP, suggesting that it might have a similar effect on Y ruckeri ECP. 
Stave et al. (1987) suggested that virulence in Y ruckeri may be determined at least in part 
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by a plasmid which confers on virulent strains the ability to circumvent stimulation of the 
microbicidal chemiluminescence generating metabolism of fish phagocytes, as seen in other 
Yersinia strains such as Y. pestis and Y. enterolitica. Thymectomy of rainbow trout, 
previous to ip immunisation, has been shown to increase resistance to ip challenge with Y. 
ruckeri (Tatner, 1987), which suggests that a mechanism under the control ofT suppressor 
cells, was responsible for the protection conferred by the vaccine. 
The specific and non-specific defence mechanisms of teleosts act in concert with each other 
and are interdependent in many ways. The sum total of defence factors responsible for 
immunity to a particular disease is a highly complex interrelationship of between the two 
systems (Ell is, 1988). Thus any change in one will affect the effectiveness of the other. 
Non-specific defence mechanisms act as the first line of defence against infectious agents 
since they are constitutive, i.e. a part of the normal body constituents, and although levels 
or activities may be altered by external factors such as diet, temperature, stress or infection, 
they are thought to have the more important role in immunity in fish. The specific immune 
mechanisms, requiring adaptive changes to the lymphoid system, form the second line of 
defence. 
In this trial no correlation between, the level vitamin E supplementation in the diet and the 
specific immune response and resistance to Y. ruckeri infection in rainbow trout, could be 
unequivocally established. 
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C'hap:ter 6 
General Discussion 
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The work has produced some interesting results not previously reported. Very few studies 
have been done looking at the effects of vitamin E on the immune response and disease 
resistance in rainbow trout and these particular combinations of functional assays had not 
been previously used. The studies showed that rainbow trout fed diets deficient in vitamin 
E are immunologically compromised, but the effects of dietary supplementation of vitamin 
E at levels above those currently recommended (NRC, 1993) were less clear and overall 
perhaps the most positive result to come out of these experiments was the protective effects 
of vitamin E towards fish fed rancid diets, where a high level of vitamin E supplementation 
overcame the effects of the rancid diet in compromising immunological functions. 
This correlates with the results from the investigations undertaken by Obach et al. (1992, 
1993) into the effects of dietary oxidised oil and vitamin E supplementation on the 
immune system in turbot and sea bass, where supplementation with vitamin E maintained 
immunological functions in fish fed diets containing oxidised oil. Blazer and Wolke (1984) 
found that marginal deficiencies in vitamin E led to a reduction in immune responses and 
non-specific resistance factors in rainbow trout, as was seen in the first trial of this study. 
They, however, with the exception of measuring phagocytosis in macrophages, undertook 
a quite different series of immunological assays to those undertaken in this trial measuring 
the phagocytic activity of peritoneal macro phages rather than that of macro phages derived 
from the head kidney or blood which were investigated in these trials. 
Some investigations similar to those undertaken in this trial have been done previously, 
Verhlac et al. ( 1991) and Furones et al. ( 1992) both measured the effects of dietary vitamin 
E supplementation on antibody response to Y. ruckeri. Verhlac et a/.(1991) measured the 
antibody response to ERM vaccine, whilst Furones et al. (1992) measured both the antibody 
response and mortalities following challenge with Y ruckeri. Verhlac et al. (1991) also 
examined the effects of dietary vitamin E supplementation on T and B cell proliferation and 
Furones et al. (1992) examined the effects of the dietary supplementation with vitamin E 
220 
on erythrocyte fragility and the histology of some of the internal organs of rainbow trout, 
so that some comparisons with results from previous work could be made. 
Overall there appeared to be a general trend for increased growth, better general health and 
improved immune status with increasing dietary vitamin E supplementation. It was in most 
cases difficult to prove statistically significant differences between groups for the individual 
assays, but if the mean results for all the assays were looked at together the same patterns 
of mean results were seen again and again. The advantage of supplementing with levels 
above those currently recommended is none the less difficult to justify, as in many cases no 
statistically significant differences could be found between the different levels of 
supplementation and often a biphasic response was observed. This nonlinear dose response 
has also been reported in other species given high levels of vitamin E (Heinzerling et 
al., 1974b; Ritacco et al., 1986) and indicates a possible effect of the vitamin on the 
reticuloedothelial system (Bliznakov and Adler, 1972). 
In these studies there was a very large variation in the results from individual fish. It might 
have been possible to compensate for this phenomena by using much larger sample sizes. 
If the level of variation that was to be encountered could have been predicted before the 
commencement of the experiments, then calculations of sample sizes necessary to 
accommodate this variation may well have shown that they were too small to make safe 
assumptions of statistically significant differences. The cost effectiveness of undertaking 
this work on a larger scale though is probably doubtful, whilst the investigator feels that 
dietary vitamin E supplementation does enhance the immune response of fish this may be 
difficult to prove even in a much larger scale investigation. 
In mammalian studies undertaken in the laboratory situation, experiments of this type, are 
often performed using genetically identical individuals, which could potentially help to 
alleviate individual variations in results. It may have been possible to reduce the level of 
individual variation seen in these studies by using genetically identical fish, as in many 
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mammalian studies, but as the aim of this investigation was to try and the reflect a normal 
fish farm type of situation as closely as possible this was not considered appropriate. 
The fact that the fish came from a genetically mixed population led to differences in the 
growth of the fish. Fish fed identical diets grew at different rates, probably both because of 
environmental and genetic differences which may have been exacerbated by hierarchy 
effects within the tanks systems. Evidence of the effect of environmental influences was 
apparent in the first nutrition trial when it seemed that the tank that the fish were maintained 
in affected their overall growth. An attempt to alleviate this was made in the subsequent 
trials by rotating the fish throughout the tank system, but as duplication of dietary regimes 
was not possible in these later trials there was no way to tell if this effect reoccurred. 
Some of the parameters measured were probably influenced by the size of the fish as much 
which diet it was fed and certainly as far as serum complement levels were concerned, 
although never actually correlated , it was noticed by the experimenter that larger fish tended 
in general to have higher serum complement activity than smaller fish. 
It was most difficult with conditions and equipment available to maintain constant 
standardised experimental conditions between groups and across all trials and as has already 
been seen environmental influences can have a great effect on many parameters of fish 
health. 
During laboratory procedures, the large number of samples to be dealt with and the large 
number of investigations made of different aspects of each of the individual fish meant that 
compromises had to be made in order to accommodate all of the assays which were 
performed which led to differences in the time taken before samples could be processed 
which may have resulted in irregularities in the data obtained. In hindsight it would 
probably have been better in this case to concentrate on perhaps one or two aspects of 
immune function only and attempt to optirnise these assays to a much greater degree so that 
they were especially adapted for rainbow trout. This have might increased their sensitivity 
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and resolution to give more reliable results. Many difficulties were encountered with the 
individual assays used, most of these assays were initially developed for mammalian 
systems and although many have been specifically modified for use in fish there are 
probably many anomalies between the two systems which have the potential to lead to 
problems interpreting the results. 
In some serum samples there appeared to be very little or no measurable complement 
activity present, but in most of these samples part of the serum, had for some reason, as 
experienced by many people working with fish serum (personal communication, J.E. Harris) 
coagulated of clot, and it is possible that the complement proteins became bound up in this 
and so were not available to mediate lysis of the SRBC. These low complement activity 
measurements in particular samples obviously influenced the overall results from these 
assays and may have led to false lower mean results. 
The challenge experiment conducted at the end of the third nutrition trial gave very 
inconclusive results for the reasons discussed in the relevant chapter. Because of the time 
consuming nature of these nutrition trials it was not possible to repeat the challenge 
experiment with a lower dose of bacteria or perhaps an alternative pathogen. This is 
something that needed to be done to correlate the results from the earlier trials with actual 
effects of dietary vitamin E supplementation on disease resistance in vivo. It would also be 
better if conditions could be arranged so that the fish could be challenged in the same 
aquarium system as that in which they were maintained over the course of the nutrition trial 
in order to alleviate any possible effects induced by the stress of moving the fish from one 
system to another. Although this was a comparative trial and all fish were subjected to the 
same level of stress it is still likely to have influenced the results. 
At the end of the third nutrition trial the fish were immunised either with BSA or ERM 
vaccine, immunisation with BSA appeared to have a non- specific effect in stimulating the 
immune response; complement and antibody levels were increased in the BSA immunised 
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fish compared to the ERM immunised fish. It is likely that both antigens had a stimulatory 
effect on the fishes immune system, but that of BSA seemed greater, probably because of 
the higher dose of antigen that was administered. In fish, unlike mammals, the non-specific 
immune response is thought to play a more important role in defence that the specific 
response. If this is the case and this can be non specifically stimulated over a short term by 
alternative immunostimulants then this might be a better road to follow than using dietary 
modulation with vitamin E. Such irnmunostimulants may be cheaper to produce than 
vitamin E and if they can be included in the diet of fish instead of being administered by 
injection or bath immersion then even the labour intensive nature of administration may be 
overcome. 
It may be enough to boost the level of vitamin E in the diet shortly before fish are likely to 
be exposed to a potentially stressful situation or potential pathogens. 
The effects of dietary supplementation with vitamin E on increased resistance of laboratory 
animals and farm animals to infectious diseases has been reviewed earlier in this thesis and 
by several other authors (Nockels, 1979; Tengerdy, et al., 1981,1984; Panush and 
Delafuente, 1985; Carpenter, 1986; Anon, 1987; Tengerdy, 1990, Finch and Turner, 1996). 
Dietary supplementation with vitamin E is now recommended in modern farm animal 
practice for poultry, pigs, sheep and cattle to maintain a high level of immune protection in 
the face of the high level of feeding required to meet the increasing demand for higher meat, 
egg and milk production levels. Vitamin E supplementation is most effective for farm 
animals under stress (Tengerdy, 1989). It is very tempting to correlate this effect directly 
to fish farming practices but much more research is necessary before using vitamin E as a 
general immunopotentiator in fish. 
The alternative use of vitamin E as an adjuvant in fish vaccination might also be considered. 
It has shown that vitamin E is useful as an adjuvant when used in combination with 
vaccines. Tengerdy (1989) compared the effects of dietary supplementation with vitamin 
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E and adjuvant administration of vitamin E on the vaccination of sheep with Clostridium 
perfi·ingens typeD toxin against enterotoxemia. Whilst the dietary treatment gave enhanced 
humoral immunity and protection upon challenge with virulent C. perfringens, the adjuvant 
vaccine, although only containing a fraction of the vitamin E that was used in the dietary 
treatment was much more effective. It was hypothesised that when vitamin E was in the oil 
phase as an adjuvant, the attraction PMN, dendritic cells, macrophages and lymphocytes to 
the adjuvated antigen elicited a local inflammatory and immune response, which was 
amplified by vitamin E. All the vitamin administered was targeted to the cells contacting 
the adjuvant; thus the effective concentration of the vitamin E was much higher than in 
dietary supplementation. 
In conclusion it is difficult to make any unequivocal statements about the effects of 
enhanced dietary vitamin E supplementation on the immune status of rainbow trout from 
this work. 
Bearing in mind the very large individual variation between fish, and the magnitude of 
immunological functions, it was very difficult to measure very subtle differences that might 
have resulted from dietary modulation. There appeared to be a definite trend for 
enhancement of immune function correlated with increased dietary supplementation with 
vitamin E but this was not always statistically significant. 
Much more research is required to determine the fundamental underlying mechanisms by 
which vitamin E affects the immune system in fish. This coupled with a greater knowledge 
of the disease mechanisms of the various pathogens that can infect fish, could then be used 
to study the interaction between the vitamin E and the immune system and how vitamin E 
might possibly help to limit these infections by stimulating immunity, as it does in 
mammals. 
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App:en,d:iix A: 
Reagents foF i~mmuno:logical assays: 
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1: PHOSPHATE BUFFED SALINE 
Disodium hydrogen orthophosphate 
Potassium dihydrogen orthophosphate 
Potassium chloride 
Sodium chloride 
Made up to I litre with distilled water, adjusted to pl-1 7.4 
l.lSg 
0.2g 
0.2g 
0.2g 
Alternatively Oxoid (Unipath Ltd., Basingstoke, U.K.) phosphate buffered saline (Dulbecco 
A) tablets were dissolved in distilled water I tablet per I OOml . 
2: SALINE PI-IOSPHA TE BUFFER (for erythrocyte fragility assay) 
Phosphate buffer 
Disodium hydrogen phosphate, anhydrous 
IM Hydrochloric acid 
Dissolved and diluted in distilled water to a total volume of I litre. 
Saline solution 
Sodium chloride 
Dissolved and diluted in in distilled water to a total volume of I litre. 
14.2g 
20.0ml 
8.09g 
Equal volumes of phosphate buffer and saline solution mixed to produce working solution of 
saline phosphate buffer. 
3: SODIUM PHOSPHATE BUFFER (for lysozyme assay) 
Disodium hydrogen phosphate 6.0g 
Dissolved and diluted to 800ml with water, adjusted to pH 6.2 at 25°C with concentrated HCI 
and diluted with water to a final volume of litre. 
4: COMPLEMENT FIXATION TEST BUFFER (CFT) 
Complement fixation test diluent tablets (Oxoid, U.K.) were dissolved in distilled water I 
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tablet per I OOml 
5: FORMULATION OF GIEMSA STAIN 
Giemsa buffer (BDH pH 6.5) 
Methanol 
!Distilled water 
2 parts 
I part 
8 parts 
I volume of giemsa stain (BDH, Poole, Dorset, U.K.) was diluted with 3 volumes of the above 
mixture to prepare a working solution. 
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Appendix B: 
Reagents for sodium dodecyl sl:l1phate-polyacrylarnide 
gel e'lectrc>phoresis (SDS-P AGE) 
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All reagents and formulations were prepared according to instructions provided by and with 
materials from Sigma (Poole, Dorset, U.K.). 
STOCK SOLUTIONS 
1: ACR YLAMIDE-BISACRYLAMIDE 30%(w/v) [29: I] Solution (NBL Gene Sciences 
Ltd, Cramlington, Northumberland, U.K.) 
2: SDS SOLUTION Sodium dodecyl sulphate (SDS) 10% (w/v) dissolved and diluted with 
water. 
3: TEMED N,N,N',N'-Tetramethylenediamine 
4: Ammonium persulphate I 0% (w/v) freshly prepared 
5: SEPARATING GEL BUFFER (Reagent A) 
Tris-HCI 
N,N,N' ,N '-Tetramethylenediamine 
36.3g 
0.23ml 
Dissolved and diluted to 90ml with water, adjusted to pH 8.9 at 25°C with concentrated HCI 
and diluted with water to a final volume of I OOml. 
6: STACKING GEL BUFFER (Reagent B) 
Tris-HCI 
N ,N ,N' ,N'-Tetramethylenediamine 
6.05g 
0.46ml 
Dissolved and diluted to 80ml with water, adjusted to pH 6.7 at 25°C with concentrated HCI 
and diluted to a final volume of I OOml with water. 
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7: PREPARATION OF 7.5% SEPARATING GELS 
Acrylamide-bisacrylamide 
Separation gel buffer 
Water 
I 0% SOS solution 
I 0% Ammonium persulphate solution 
8: PREPARATION OF STACKING GELS 
Acrylamide-bisacrylamide 
Stacking gel buffer 
Water 
I 0% SOS solution 
I 0% Ammonium persulphate solution 
5.0ml 
2.5ml 
I2.2ml 
0.2ml 
O.lml 
1.5ml 
2.5ml 
5.8ml 
O.lml 
O.lml 
9: PREPARATION OF 2 X SAMPLE BUFFER (Reducing Sample Buffer) 
Tris-HCI 1.51 g 
Glycerol 20.0ml 
Dissolved in 35ml of water and adjusted to pH 6.75 with concentrated HCI. To this the 
following reagents were added. 
SOS 
2-mercaptoethanol 
Bromophenol Blue 
4.0g 
IOml 
2.0mg 
This final solution was diluted with water to a final volume of I OOml. 
10: ELECTRODE BUFFER 
Tris-HCI 
Glycine 
SOS 
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6.05g 
28.8g 
2.0g 
Dissolved and diluted in water to a final volume of2.0 litres 
11: MOLECULAR WEIGHT MARKERS 
A: 6H HIGH MOLECULAR WEIGHT MARKERS 
Carbonic anhydrase 
Egg albumin 
Bovine serum albumin 
Phosphorylase 
P galactosidase 
Myosin 
B:7 LOW MOLECULAR WEIGHT MARKERS 
Lactalbumin 
Trypsin inhibitor 
Trypsinogen 
Carbonic anhydrase 
Glyceraldehyde-3-phosphate dehydrogenase 
Egg albumin 
Bovine serum albumin 
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Molecular weight 
29,000 Da 
45,000 Da 
66,000 Da 
97,400 Da 
116,000 Da 
205,000 Da 
Molecular weight 
14,200 Da 
20,100 Da 
24,000 Da 
29,000 Da 
36,000 Da 
45,000 Da 
66,000 DA 
C: PRESTAINED MARKERS 
Triosephosphate isomerase 
Lactic dehydrogenase 
Fumarase 
Pyruvate kinase 
Fructose-6-phosphate kinase 
p galactosidase 
a 2 macroglobulin 
12: FIXATIVE SOLUTION (FOR DEST AINING GELS) 
Methanol 
Glacial acetic acid 
Water 
13: COOMASSIE BLUE STAINING SOLUTION 
Molecular Weight 
33,000 Da 
36,500 Da 
48,500 Da 
58,000 Da 
84,000 Da 
116,000 Da 
180,000 Da 
400ml 
70ml 
530ml 
Brilliant BlueR (Coomassie Brilliant Blue R) 1.25g 
Dissolved in 500ml of fixative solution. 
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1: TRANSFER BUFFER 
Tris-HCI 
Glycine 
Methanol 
Distilled water 
2: TRIS-SALINE 
Sodium chloride 
Tris-HCI 
Made up to I litre with water 
3: DEVELOPING SOLUTION (For peroxide activity) 
3'3' Diaminobenzidine 
Nickel chloride 
Tris-Saline 
Hydrogen peroxide 
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6.1g 
28.8g 
400ml 
1600ml 
11.68g 
6.0Sg 
SOmg 
30mg 
IOOml 
100~-LI 
Appendix D: 
Reagents for enzy,me linked immurnnsorbent assay 
(ELISA) 
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1: Phosphate BUFFED SALINE+ TWEEN 20 (PBST) 
Disodium hydrogen orthophosphate 
Potassium dihydrogen orthophosphate 
Potassium chloride 
Sodium chloride 
1.1 Sg 
0.2g 
0.2g 
0.2g 
Made up to I litre with distilled water, adjusted to pH 7.4 and 0.1% Tween 20 was added. 
2: CARBONATE-BICARBONATE BUFFER (Coating buffer) 
Sodium carbonate 
Sodium hydrogen carbonate 
Made up to I litre with distilled water and adjusted to ph 9.6. 
3: CITRA TE-Phosphate BUFFER 
Citrate acid (anhydrous) 
Disodium hydrogen orthophosphate (anhydrous) 
Made up to I litre with distilled water and adjusted to pH 5.0. 
4: DEVELOPING SOLUTION 
Orthophenlyenediamine 
Hydrogen peroxide 
Citrate-phosphate buffer 
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1.59g 
2.93g 
4.23g 
S.Sg 
20mg 
201-11 
SOml 
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